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ABSTRACT

Perylene diimides (PDIs) are attractive chromophores that exhibit singlet exciton fission (SF) and have several advantages over traditional
SF molecules such as tetracene and pentacene; however, their photophysical properties relating to SF have received only limited attention.
In this study, we explore how introduction of bulky bromine atoms in the so-called bay-area PDIs, resulting in a nonplanar structure,
affects the solid-state packing and efficiency of singlet fission. We found that changes in the molecular packing have a strong effect on the
temperature dependent photoluminescence, expressed as an activation energy. These effects are explained in terms of excimer formation
for PDIs without bay-area substitution, which competes with singlet fission. Introduction of bromine atoms in the bay-positions strongly
disrupts the solid-state packing leading to strongly reduced excitonic interactions. Surprisingly, these relatively amorphous materials with
weak electronic coupling exhibit stronger formation of triplet excited states by SF because the competing excimer formation is suppressed

here.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110306

. INTRODUCTION

Perylene diimides (see Fig. 1) are exceptionally photostable
conjugated organic dye molecules that are attractive for applica-
tion in optoelectronic devices such as solar cells. Apart from their
strong electron accepting nature and their favorable charge trans-
port properties, they have also been shown to exhibit singlet exciton
fission (SF). SF is a spin-conserved process in which a singlet excited
state shares its energy with a neighboring molecule to form a dou-
bly excited state that consists of two coupled triplet excited states.'
In addition, it has also been shown to undergo the inverse pro-
cess, triplet-triplet annihilation up-conversion.” SF is envisioned to
be a viable approach to increase the power conversion efficiency of
solar cells by using the excess energy in blue photons that is gen-
erally not used efficiently because of thermalization.” In order to

fully exploit SF in photovoltaic applications, a fundamental under-
standing of the process is of prime importance. Specifically, as SF
chromophores are generally applied in solid state devices, the rela-
tion between the dynamics of SF and the molecular packing and
excited state energetics of the chromophores. The effect of molecular
packing on singlet fission has been previously studied in acene chro-
mophores. Theoretical® and experimental results have been reported
for tetracene,” covalent dimers of pentacene’ in solution, and tery-
lene diimides.” The general conclusion from these studies is that SF
rates and efficiencies can be optimized by optimizing the electronic
coupling via the molecular organization in the solid state. Perylene
diimides (PDIs) offer a unique opportunity to study the effect of
molecular organization and energetics on singlet fission since vari-
ations in the substituents of the chromophore lead to changes in
the solid state packing and excited state energetics. Computational
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FIG. 1. Chemical structures of the perylene diimide molecules of interest in this study with different imide- and bay-substitution. The ball-and-stick structures display the
twisted perylene core structure upon bromination in side view as is noted by the core twist.

and experimental studies have shown that changes in the molecu-
lar packing induced by imide-substituted PDIs indeed have a strong
impact on the rate and efficiency of SE.”'*'" While the effect of
imide-substitution of PDIs on their optoelectronic properties has
been studied widely owing to the relatively accessible synthesis, only
few studies exist on the impact of substitution on the bay area, espe-
cially in relation to SF. It has been shown that PDIs substituted with
halogens in the bay area (see Fig. 1) exhibit changes in the singlet
and triplet state excited state energetics. This is due to the sterically
induced twisting of the conjugated core of the PDI, as compared to
their non-bay-area substituted analogs.'>'’ Moreover, bay-area sub-
stitution leads to greatly improved solubility in common organic
solvents, which is a desirable characteristic for eventual device
applications.

In this study, we investigate how halogen substitution in the
bay-area of PDIs affects the molecular packing and excitonic inter-
actions in the solid state and how this affects the singlet fission
dynamics in thin films of methyl (PDI-C1) and octyl (PDI-C8)
imide-substituted PDIs. To achieve this, two or four bromide atoms
have been introduced at the bay position of the PDI core as shown
in Fig. 1. Steady state optical absorption and emission measure-
ments on thin films revealed that bay-area bromination significantly
reduces the excitonic interactions in the solid state. Nevertheless,
from transient-absorption measurements, we clearly observe the
formation of triplet excited states with efficiencies comparable to
their unsubstituted analogs. This indicates that the reduced exci-
tonic interaction does not prohibit SF. Furthermore, we have studied
the temperature dependence of the optical absorption, emission, and
photoluminescence (PL) lifetime. Only small differences in the opti-
cal absorption upon cooling were found, indicating a stable molec-
ular arrangement. However, at the same time, strong increases in
both PL intensity and lifetime were observed, proving the existence
of a thermally activated PL competitive process. The detailed analy-
sis of the effect of bay-area substitution on the excitonic interactions
and SF dynamics presented in this work shows that bay area substi-
tution offers an additional handle to tune the SF properties of PDI
chromophores.

Il. EXPERIMENTAL
A. Materials

The chemical structures of the PDI derivatives investi-
gated in this work are shown in Fig. 1. PDI-Cl (N, N'-
dimethyl-3,4,9,10-perylenedicarboximide) and PDI-C8 (N, N '
dioctyl-3,4,9,10-perylenedicarboximide) were synthesized from
perylene-3,4,9,10 tetracarboxylic acid dianhydride as purchased
from Sigma-Aldrich using procedures published elsewhere.'* PDI-
PPh-Br, [N, N’-bis(2,6-diisopropylphenyl)-1,7-dibromo-perylene-
3,4,9,10-tetracarboxybisimide], PDI-C1-Br;, and PDI-C8-Brs were
synthesized from 1,7-dibromoperylene dianhydride and 1,6,7,12-
tetrabromoperylene dianhydride, respectively, as described in the
supplementary material.'">'® The powders of PDI-C1, PDI-C8, and
PDI-C1-Br, were thermally evaporated (using an AJA Interna-
tional evaporator system) to make thin films on air plasma cleaned
1 x 2 cm? fused silica (also termed quartz) and sapphire substrates
(from Esco Optics). The evaporated films were not annealed during
or after deposition. Thin films of PDI-C8-Br4 were spincoated from
a saturated chloroform solution. The spincoated film was annealed
at 60 °C in a N, atmosphere to remove any solvents and improve
the crystallization. The film thicknesses were measured using a Dek-
tak profilometer and are provided in Table SI of the supplementary
material.

B. Methods

Temperature-dependent steady state absorption and emission
spectra of the thin films were measured in a home-built He-cryostat
spectroscopy setup. The sample is placed in a vacuum chamber
(1077 mbar) of which the temperature is controlled using an APD-
cryogenics helium cryostat in the range 300-12 K. The optical
absorption spectra were measured using the halogen lamp output
of a DH-200 Mikropack UV-VIS-NIR light source and a Maya2000
Pro Ocean Optics spectrometer detector. The fluorescence emis-
sion spectra were measured using 3.15 mW (405 nm) laser pulses
of a CPS405 ThorLabs laser diode and a FLAME-S-VIS-NIR Ocean
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Optics spectrometer. Exposure of the sample to air was minimized
by storing it in an N glovebox and by flushing the sample cham-
ber with N, during sample loading. Steady state absorption spectra
of the thin films at room temperature were measured with a Perkin
Elmer Lambda 1050 spectrophotometer with the sample placed
inside an integrating sphere to measure the attenuation.

Time-resolved photoluminescence measurements were per-
formed with a Lifespec-ps fluorescence spectrophotometer (Edin-
burgh Instruments) using time-correlated single photon counting.
The sample was photoexcited using 12.4 pJ (404 nm, 1 MHz) laser
pulses from a M8903-01 Hamamatsu laser unit. In order to mini-
mize laser scattering, a 425 nm long-pass filter was placed in front
of the detector. The sample was loaded in an Optistat DN cryostat
(Oxford Instruments) in an N, exchange gas environment. Excita-
tion density effects were examined by placing a neutral density filter
(optical density = 1) after the laser diode unit to exclude the pres-
ence of exciton-exciton annihilation. The thin film topology was
measured using atomic force microscopy, and the crystallinity was
studied using X-ray diffraction using a Briiker D8 X-ray diffractome-
ter (Co Kal radiation, A = 1.79 A) and analyzed with the Briiker
program EVA.

Transient absorption measurements were performed using a
Helios spectrometer (Ultrafast Systems) where the samples were
excited with 180 fs pulses (2.5 kHz) from a Pharos Yb:KGW laser sys-
tem (Light Conversion) via an Orpheus optical parametric amplifier
(Light Conversion). The probe pulse consisted of supercontinuum
light generated by focusing a part of the fundamental laser beam
(1030 nm) in either a CaF, or sapphire crystal, depending on the
required probe wavelength range. Nanosecond-time resolved emis-
sion and transient absorption spectra were acquired using an LP920
transient absorption spectrophotometer (Edinburgh Instruments)
with pulsed probe light (7 ms) produced by a Xe lamp. The samples
were excited by 4 ns (FWHM) laser pulses produced by an Ekspla NT
342B optical parametric oscillator (OPO) pumped by a Q-switched
Nd:YAG laser.

The effect of the bay-area substitution with Br atoms on the
geometry and electronic structure was studied by density func-
tional theory (DFT) and semiempirical calculations. The ground
state geometries were optimized using the Becke-Perdew (BP86)
exchange correlation (XC) functional with a double zeta polarized-
type (DZP-type) basis set consisting of Slater-functions. Using this
geometry, the vertical singlet and triplet excitation energies were
calculated by TDDFT calculations in the same basis set and XC
functional.

An approximate geometry for the lowest triplet state (the
triplet ground state) was optimized by performing an open shell

ARTICLE scitation.org/journalljcp

triplet ground state calculation, using the BP86 functional with a
DZP-type basis set. The absorption spectrum of this triplet ground
state was calculated by an unrestricted TDDFT calculation. All
calculations were done using the Amsterdam Density Functional
software suite.

Ill. RESULTS AND DISCUSSION

To gain insight into the effect of bromination of the PDI core
on the geometrical and basic photophysical properties, we have per-
formed electronic structure calculations using Density Functional
Theory (DFT) methods as described in Sec. II. The results are sum-
marized in Table I. Ground state geometry optimizations show that
bromination leads to a distinct deviation from the planar PDI geom-
etry that is obtained without bromines attached. For PDI-Br, a
twist angle of 29.2° was obtained, while for PDI-Bry, an even larger
twist angle of 39.1° was found. Twisting of the core is predicted to
have a pronounced effect on the optical properties as can be derived
from Table I. TDDFT calculations show that the energy difference
between the ground state and the lowest singlet excited state S;
decreases from 2.16 eV for the planar PDI-Hy, but decreases signifi-
cantly to 2.01 eV and 1.95 eV for PDI-Br; and PDI-Bry, respectively.
Interestingly, the energy difference between the ground state and
the lowest (vertical) triplet state remains almost unchanged upon
bromination.

A. Effect of bromination on PDI optical properties

The attenuation and emission spectra of the different PDIs in
solution and in the solid state are shown in Fig. 2. In solution, the
absorption spectra of the PDIs with and without bromines exhibit
the characteristic PDI Sg — S; absorption with vibronic peaks at 475,
490, and 520 nm. Halogenation in the bay-area increases the absorp-
tion between 420 nm and 460 nm as a result of the symmetry forbid-
den Sp-S; transition for planar PDIs that becomes partially allowed
in the strongly twisted PDI-C8-Brs.'”"” The steady state emission
spectra in solution display Stokes shifts of only a few nanometers
for PDI-C1 and PDI-C8. The Stokes shift increases to almost 50 nm
for PDI-C8-Bry indicating a larger excited state geometry relax-
ation."” In addition, the vibronic structure becomes less pronounced
upon bromination as a result of the loss of the planarity of the PDI
core and the broken symmetry."” The impact of bay-area substitu-
tion on the molecular packing in the solid state can be observed
by comparing the steady state absorption and emission spectra of
the thin films with the respective solutions. A strong broadening
and red-shift of the absorption features are observed for PDI-C1
and PDI-CS8, reflecting close packing, accompanied by strong exci-

TABLE I. Summary of the calculated optical properties of bay area substituted PDIs using DFT.

Ground state T, state
PDI Angle (deg) Es1 (eV) Er (eV) Twist (deg) T1-Tys (nm)
PDI-H, 0 2.16 1.33 0 536 (2.31 eV)
PDI-Br, 29.2 2.01 1.33 22.3 566 (2.19 eV)
PDI-Bry 39.1 1.95 1.32 31.1 579 (2.14 eV)
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FIG. 2. Room temperature normalized steady state absorption and emission spectra for PDI-C1 (a), PDI-C1-Br; (b), PDI-C8 (c), and PDI-C8-Br; (d) thin films (solid lines).
The solution spectra (dashed lines) shown in (a) and (c) come from dissolved PDI-C8 in chloroform, while for (b) and (d), PDI-PPh-Br, and PDI-C8-Br, dissolved in chloroform

were used, respectively.

tonic coupling.'® For the brominated samples, these effects are much
less pronounced. Similar to PDI-C1-Br;, for PDI-C8-Bry, there is a
small reorganization of the molecules upon going from solution to
the solid state, indicating weak crystal packing. Moreover, the emis-
sion spectra of PDI-C1 and PDI-C8 have a strong Stokes shift of 204
and 200 nm, respectively, which is typical of excimer emission.'” '
The reduced excitonic interactions can be traced back to lack of
crystallization and hindered solid state packing in the brominated
samples in comparison to PDI-C1 and PDI-C8 as substantiated by

-
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the absence of reflections in X-ray diffractograms [Fig. S3(a) of the
supplementary material] for PDI-C8-Bry thin films. However, the
powders of all four PDIs show strong reflections, indicating the pos-
sibility to crystallize as shown in Fig. S3(b) of the supplementary
material.

As shown in Fig. 3(a), at 300 K the photoluminescence life-
times in thin films (obtained from fitting the decay in the first 2 ns)
vary from 700 ps for PDI-C1 to 890 ps for PDI-C8, which is typical
of singlet exciton emission. These lifetimes are much shorter than
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FIG. 3. Time-resolved PL spectra in thin films of PDI-C1, PDI-C8, and PDI-C8-Br4 (a). In (b), the emission spectra in solution are shown for PDI-C8 (identical behavior for

PDI-C1), PDI-PPh-Br; (identical behavior for PDI-C1-Br,), and PDI-C8-Bry.
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for triplet excitons that typically have lifetimes of a few microsec-
onds in PDI thin films.”'” The fluorescence lifetimes in these
solid films are considerably smaller than in chloroform solutions
[t = 4.5 ns, Fig. 3(b)], indicating the presence of competing nonra-
diative decay processes in the solid. A possible cause of the reduced
fluorescence lifetime due to closer packing, and thus enhanced
electronic coupling between molecules in the solid state, is the
occurrence of SE." * An alternative explanation is the formation of
nonemissive excimer states. While intersystem crossing can be a
third possible explanation for the reduced emission lifetime, this can
be ruled out since the fluorescence lifetime of the PDIs in solution,
shown in Fig. 3(b), is unaffected by bromination. This is consistent
with previous studies.'”

B. Effect of temperature on PDI thin film
optical properties

In order to gain more insight into the excited state dynamics
and decay pathways in these materials, we have performed temper-
ature dependent optical absorption, emission, and time-resolved PL
measurements at temperatures ranging from 300 K to 12 K. The
temperature dependent steady state absorption spectra are shown
in Fig. $4 of the supplementary material. The changes in the optical
absorption spectra of the thin films occurring upon cooling to lig-
uid helium temperatures (12 K) are small. This indicates that the
molecular packing is stable and no phase change occurs. In con-
trast, cooling results in significant changes in the emission spec-
tra as shown in Fig. 4 in two ways. First, the emission intensity,
and thus the fluorescence quantum yield, increases upon lowering
the temperature, by two orders of magnitude in the case of PDI-
C8. Second, the shape of the emission spectra changes, exhibiting
stronger emission at higher energies. The narrowing of the emission
band on the blue side may signify a weaker intermolecular interac-
tion.'® Furthermore, at 93 K, the PL lifetime increases to 1.2 ns and
4.1 ns for PDI-C1 and PDI-C8, respectively, while the lifetime of the

ARTICLE scitation.org/journalljcp

22 -
PDI-C8
214 Ea = 23.571 + 0.0873 meV N
F 20- -
£
L
L J ° o
19 -
PDI-C1 °
E,=66.27 +2.71meV  ® R
o
18 - T T T T 3
4 6 8 10
1T (x10° K

FIG. 5. Plot of the natural logarithm of the inverse fluorescence decay time of the
different PDIs as a function of inverse temperature. The solid line represents the
applied Arrhenius relation: k. = AeEaeT,

brominated PDIs is virtually unaffected upon decreasing the tem-
perature as shown in Fig. S5 of the supplementary material.

The increase in the PL quantum yield and lifetime are both
indicative of an endothermic nonradiative decay pathway that out-
competes fluorescence at room temperature. The activation ener-
gies, Ea, for such an endothermic process have been obtained by
plotting the natural logarithm of the photoluminescence decay rate,
In(kpr), as a function of the inverse temperature and by fitting the
trend with an Arrhenius relation as shown in Fig. 5. From these
fits, we obtained activation energies of E4 = 66 meV and 24 meV
for PDI-C1 and PDI-C8, respectively. The different energies point
out to the relevance of subtle changes in film packing on exciton
dynamics. These values are of the same magnitude as those reported
for strongly coupled chromophores.” In the case of tetracene™ and
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rubrene,” these activation energies have been attributed to ther-
mally activated nonradiative recombination or singlet fission. How-
ever, as singlet fission in PDIs is known to occur on a sub-ps' to ps*
time scale and the time resolution of our photoluminescence setup is
50 ps, it may be that SF is too fast to be responsible for the observed
activation energy. Therefore, it is unlikely that the calculated activa-
tion energies for the PDIs belong to the thermally activated singlet
fission process. Therefore, we have investigated the effects of other
possible nonradiative decay pathways to determine a possible rela-
tionship between the observed thermally activated behavior and SF.
First, thermal relaxation related to nonradiative losses has been con-
sidered. To that end, we studied the temperature dependence of the
PL of isolated PDI molecules (in which SF cannot occur) using a
solution of a hexylheptyl-imide substituted PDI in the glassy sol-
vent 2Me-THEF. The PL lifetime of the dissolved molecule remained
unaffected by temperature as shown in Fig. S6 of the supplementary
material. This indicates that internal conversion and energy dissi-
pation from the PDI to its surroundings are not responsible for the
thermally activated decay process observed in the thin films. A sec-
ond, more likely possibility is the formation of exothermic fluores-
cent excimers that are known to occur in closely packed PDIs.”"””'
Excimer emission is strongly red shifted compared to fluorescence
from isolated molecules which matches with the observations. Fur-
thermore, the increased PL lifetimes at low temperatures for PDI-C1
and PDI-C8 point out to the formation of excimer states as the main
contributor to the PDI photoluminescence and as such the found
activation energies.
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C. Transient absorption measurements on PDI films

While the thermally activated deactivation process is mainly
related to the formation of excimers as argued above, PDIs are
known to undergo SF with high efficiency in some cases. There-
fore, we have performed femtosecond transient absorption (fs-TA)
measurements on the thin films of the four model compounds con-
sidered here to establish whether triplets are formed. The results
of these measurements are shown in Fig. 6. We observe a strong
ground state bleach (GSB) at short times that is reminiscent of the
ground-state absorption spectrum (indicated by dashed lines). Fur-
thermore, all PDIs show an absorption feature above 600 nm, as
will be discussed below. The triplet absorption in PDIs is known
to occur in the same region as the GSB.”* Such an induced absorp-
tion feature is exactly what we observe in the 520-550 nm region
for PDI-C1, PDI-C1-Br,, and PDI-C8 at times immediately after the
excitation pulse. The assignment of this positive absorption feature
to a triplet absorption is consistent with the long lifetime (>2.7 ns)
of this feature as shown in Fig. 7.

From the kinetics of the induced absorption above 600 nm, we
observe a full decay of singlet excited states within 3 ns. The over-
lapping TA features of triplet-triplet absorption and GSB at wave-
lengths shorter than 600 nm extend well beyond 3 ns. PDI-C8-Bry
exhibits a distinctly different behavior as the triplet-triplet absorp-
tion feature around 580 nm develops on much longer time scales
than observed for the other three compounds. A positive transient
absorption feature arises after 6 ps and continues to grow up to
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— 1ps
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FIG. 6. Transient absorption spectra at different times of thin films of PDI-C1 (a), PDI-C1-Br; (b), PDI-C8 (c), and PDI-C8-Br4 (d) on sapphire upon 480 nm excitation at 1.86
x 10'2 (2.17 x 10" for PDI-C8-Br,) photons/cm?. The dashed line indicates the normalized absorption spectrum of the respective PDI thin films.
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FIG. 7. Kinetic traces of the ground state
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~1 ns. This long lived state cannot be due to thermal heating arte-
facts™ since the triplet absorption for this molecule is red-shifted,
away from the ground state absorption spectrum. Moreover, the
existence of long lived triplet species in analogous tetra-brominated
PDIs'* substantiates the triplet origin of this long-lived feature. In
fact, the DFT calculations on triplet spectra, provided in Table I,
show that bromination leads to a red-shifted triplet absorption going
from 2.31 eV (536 nm), to 2.19 eV (566 nm) and 2.14 eV (579 nm)
for -Brg, -Bry, and -Brs substituted PDIs, respectively, which is
similar to the triplet-triplet absorption maximum observed in TA.
The rising triplet signal for PDI-C8-Bry was approximated with
a monoexponential function and resulting in a singlet fission rise
time of tsp = 16.2 ps (ksg = 6.17 x 10% sfl). To confirm the dis-
tinct behavior of PDI-C8-Br, we performed TA measurements on
a similar tetrabrominated PDI, i.e., PDI-C1-Bry. Very similar kinet-
ics were obtained as for PDI-C8-Bry, giving a characteristic time of
s = 19.7 ps (ksg = 5.08 x 10" s71), as shown in Fig. S7 of the
supplementary material. As the SF rise time and overall excited state
kinetics of PDI-C1-Bry and PDI-C8-Bry are very similar, it seems
that bay-area bromination dominates the singlet fission behavior
more than the imide substitution.

The photoinduced absorption above 600 nm is commonly
attributed to the $;-S, transition in PDIs.” However, taking into
account the temperature dependent PL measurements, it is likely
that the photoinduced absorption 600-900 nm region is at least
partly due to excimer states. This also explains why the decay of
this absorption feature does not correlate with the rise of the T;-Ty
absorption in PDI-C1, PDI-C8, and PDI-C1-Br;, This indicates that
SF is not the only or even the primary decay process for the S;
states. Considering the temperature dependent fluorescence mea-
surements presented above, we conclude that SF competes with
excimer formation at short times. This results in the formation of a
limited fraction of triplets formed by SF while the remaining singlets

T T

1 T
1.0ps 10 ps 1ns
Time

transform into excimer states. These excimers have a lower energy
and are not sufficiently energetic to undergo SF.”* A notable excep-
tion to this behavior is PDI-C8-Bry as the decay of the S;-S, matches
the growth of the T;-T, absorption. This indicates that excimer for-
mation is prohibited in PDI-C8-Br4 by the strong twisting of the
core. Therefore, the decay of the singlet population correlates with
the growth of the triplets as there is no competing process here. The
transient absorption measurements presented here indicate that a
reduced excitonic interaction between neighboring molecules does
not necessarily inhibit the occurrence of SF, but may be benefi-
cial for SF because it prevents excimer formation. This shows that
significant modifications to the PDI structure are possible leading
to strongly enhanced solubility and reduced excitonic interactions
while maintaining or even enhancing formation of triplet excited
states.

The SF efficiency can be estimated via three main methods:
(1) triplet sensitization to obtain a triplet extinction coefficient and
subsequent subtraction from the spectrum, (2) global analysis using
known extinction coefficients and spectra, and (3) the singlet deple-
tion method, i.e., GSB quantization.”” All methods have their weak-
nesses and are not regularly in agreement, which is why we have
chosen not to calculate a triplet yield but describe the triplet feature
qualitatively. For PDI-C1 and PDI-C8, we observe a strong triplet
absorption feature that persists after 2.7 ns as was shown previously
for PDI-C8.”

In TA experiments, the pump fluences are typically high
enough for singlet-singlet annihilation (SSA) to occur. The SSA leads
to a hot singlet exciton that relaxes to the first excited singlet state
while releasing energy as heat to the surroundings. This thermal
heating of the surroundings is known to induce a temporal change
in the absorption spectrum of the PDI and may lead to a thermal
heating artefact in the GSB region of the TA spectrum.”” To address
the issue of SSA leading to a thermal heating artefact, we compared
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PDI-C1 (a), PDI-C1-Br; (b), PDI-C8 (c), and PDI-C8-Br, (d) in the microsecond regime upon 480 nm excitation at a photon fluence of 2.10 x 10'® photons/cm?.

the decay kinetics of T1-T, and S;-S, of the PDIs as a function of
the substrate, i.e., fused silica (dashed line) and sapphire (solid line)
glass, shown in Fig. 7. Since fused silica has an approximately 40
times lower thermal conductivity than sapphire, significant thermal
heating artefacts due to SSA are expected, affecting both the abso-
lute size and decay kinetics in the GSB region. As obvious from
Fig. 7, the decay kinetics of singlet and triplet absorption is close to
identical on fused silica and sapphire for PDI-C8 and PDI-C8-Bry,
while for PDI-C1 and PDI-C1-Br;, the TA features in the sapphire
film have a slightly larger magnitude. From this, we can conclude
that the decay kinetics in PDIs at the used excitation fluence does
not significantly affect the decay kinetics of the triplet as we should
have seen an effect between fused silica and sapphire. The differ-
ence in absolute height may indicate a limited thermal heating effect,
but the kinetics of the triplet absorption at 2.7 ns overlaps for both
substrate-based samples making a triplet yield analysis via the sin-
glet depletion method valid. To further study the effect of excitation
fluence, we used an order of magnitude higher excitation fluence on
the sapphire-based films, and in Fig. S8 of the supplementary mate-
rial, we observe a strong increase in the decay of all excited state
species, indicative of SSA. This measurement shows how SSA can
directly affect the excited state decay kinetics irrespective of thermal
heating.

The lifetime of the triplet species generated by SF was studied
using ns-TA experiments where we photoexcited the PDI samples
on fused silica and sapphire at 480 nm (see Fig. 8). The ns-TA mea-
surement shows a slower decay of the GSB and T,-T,, of PDI-C1 and
PDI-C8 in the case of a fused silica substrate, compared to sapphire
which is in line with the dissipation of heat occurring after thermal
heating of the sample (note that the excitation density in these exper-
iments is much higher than in the fs-TA experiment). This clearly
demonstrates the influence of SSA on the nano-to-microsecond
excited state decay kinetics and the benefit of using sapphire

TABLE II. Triplet lifetimes as obtained from a biexponential fit on the ns-TA triplet
transient.

T:1-Th
PDI 77,1 (NS) 712 (nS)
C1 32.3+0.5 (95%) 611.7 + 313.0
C1-Br; 33.7 £2.0 (48%) 274.7 £ 10.4
Cs 109.4 + 1.0 (100%) 0
C8-Bry 83.4+1.9 (60%) 4823+ 94
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substrates at high fluences. For PDI-C1-Br,, there is a weaker effect
of the substrate, and thus thermal heating, on the observed decay
kinetics of GSB and triplets and in PDI-C8-Bry there is hardly any
difference between the two substrates which may either be due to the
low optical density of the film or the fact that the triplet absorption
is not overlapping with the GSB region for this compound. We can
fit the triplet-triplet absorption with a biexponential decay and find a
two-component triplet lifetime, provided in Table IT, where the short
component has a lifetime of tr,1 = 30-80 ns while the longer-lived
component ranges from tr,; = 270-600 ns. The existence of mul-
tiple triplet lifetimes may stem from the highly disordered nature
of even polycrystalline solid-state systems where a variety of nonra-
diative decay processes may exist. This is consistent with the signif-
icantly lower triplet lifetime compared to that of PDIs in solution
(115 > 30 #S).:s We also cannot rule out the effect due to triplet-
triplet annihilation.

IV. CONCLUSION

In this work, we have examined the effect of bromination of
the aromatic core of perylene diimide molecules on their excited
state dynamics. We have measured the effect of bay-area bromina-
tion in PDIs on both the optical absorption, emission spectra and
lifetime and found that bromination decreases the coupling and
packing between PDI chromophores. Temperature dependent mea-
surements show the presence of a temperature activated process,
which is attributed to excimer formation. Ultrafast (fs) transient
absorption measurements show that for all compounds, SF results
in significant formation of triplet excited states, despite the pro-
nounced changes in molecular packing on bromination. We con-
clude that in PDIs without bromines or only two bromines in the
bay area, SF occurs in competition with excimer formation, result-
ing in relatively low SF yields. Introduction of four bromine atoms
in the bay area results in significant distortion of the structure which
prevents excimer formation. This shows that while bay area sub-
stitution of PDIs decreases the excitonic interactions between the
neighboring molecules, this is in fact beneficial for SF as it prevents
the occurrence of the competing process, i.e., excimer formation.

SUPPLEMENTARY MATERIAL

See supplementary material for a description of the synthe-
sis and characterization of the new compounds presented, X-ray
diffraction data of the samples, and supplementary temperature
dependent absorption and emission data and additional data for a
reference compound.

ACKNOWLEDGMENTS

This research leading to these results has received funding
from the European Research Council Horizon 2020 ERC Grant
Agreement No. 648433.

REFERENCES

Ty, v. Aulin, K. M. Felter, D. Gunbas, R. K. Dubey, W. F. Jager, and F. Grozema,
“Morphology independent efficient singlet exciton fission in perylenediimide thin
films,” ChemPlusChem 83, 230-238 (2018).

25, W. Eaton, L. E. Shoer, S. D. Karlen, S. M. Dyar, E. A. Margulies, B. S. Veldkamp,
C. Ramanan, D. A. Hartzler, S. Savikhin, and T. J. Marks, “Singlet exciton fission

ARTICLE scitation.org/journalljcp

in polycrystalline thin films of a slip-stacked perylenediimide,” J. Am. Chem. Soc.
135, 14701-14712 (2013).

3A.K. Le, J. A. Bender, D. H. Arias, D. E. Cotton, . C. Johnson, and S. T. Roberts,
“Singlet fission involves an interplay between energetic driving force and elec-
tronic coupling in perylenediimide films,” J. Am. Chem. Soc. 140, 814-826
(2018).

“T. N. Singh-Rachford, A. Nayak, M. L. Muro-Small, S. Goeb, M. J. Therien, and
F. N. Castellano, “Supermolecular-chromophore-sensitized near-infrared-to-
visible photon upconversion,” ]. Am. Chem. Soc. 132, 14203-14211 (2010).

SM. B. Smith and J. Michl, “Singlet fission,” Chem. Rev. 110, 6891-6936 (2010).
6X. Feng, A. B. Kolomeisky, and A. L. Krylov, “Dissecting the effect of morphology
on the rates of singlet fission: Insights from theory,” J. Phys. Chem. C 118, 19608-
19617 (2014).

7G. B. Piland and C. J. Bardeen, “How morphology affects singlet fission in
crystalline tetracene,” J. Phys. Chem. Lett. 6, 1841-1846 (2015).

8B. S. Basel, C. Hetzer, J. Zirzlmeier, D. Thiel, R. Guldi, F. Hampel, A. Kahnt,
T. Clark, D. M. Guldi, and R. R. Tykwinski, “Davydov splitting and singlet fission
in excitonically coupled pentacene dimers,” Chem. Sci. 10, 3854-3863 (2019).

9E. A. Margulies, C. E. Miller, Y. Wu, L. Ma, G. C. Schatz, R. M. Young, and
M. R. Wasielewski, “Enabling singlet fission by controlling intramolecular charge
transfer in IT-stacked covalent terrylenediimide dimers,” Nat. Chem. 8, 1120
(2016).

'OF. Mirjani, N. Renaud, N. Gorczak, and F. C. Grozema, “Theoretical investiga-
tion of singlet fission in molecular dimers: The role of charge transfer states and
quantum interference,” J. Phys. Chem. C 118, 14192-14199 (2014).

"N. Renaud and F. C. Grozema, “Intermolecular vibrational modes speed up
singlet fission in perylenediimide crystals,” . Phys. Chem. Lett. 6, 360-365 (2015).
12K, Nagarajan, A. R. Mallia, V. S. Reddy, and M. Hariharan, “Access to triplet
excited state in core-twisted perylenediimide,” J. Phys. Chem. C 120, 8443-8450
(2016).

'3E. Mete, D. Uner, M. Cakmak, O. Gulseren, and $. Ellialtoglu, “Effect of molec-
ular and electronic structure on the light-harvesting properties of dye sensitizers,”
J. Phys. Chem. C 111, 7539-7547 (2007).

“]. M. Duff, A.-M. Hor, A. R. Melnyk, and D. Teney, “Spectral response and
xerographic electrical characteristics of some perylene bisimide pigments,” in
Hard Copy and Printing Materials, Media, and Processes (International Society
for Optics and Photonics, 1990), pp. 183-192.

57. B. Hill, D. B. Rodovsky, J. M. Leger, and G. P. Bartholomew, “Synthe-
sis and utilization of perylene-based N-type small molecules in light-emitting
electrochemical cells,” Chem. Commun. 48, 6594-6596 (2008).

165, Sengupta, R. K. Dubey, R. W. Hoek, S. P. van Eeden, D. D. Gunbas, F. C.
Grozema, E. J. Sudholter, and W. F. Jager, “Synthesis of regioisomerically pure 1,
7-dibromoperylene-3, 4, 9, 10-tetracarboxylic acid derivatives,” ]. Org. Chem. 79,
6655-6662 (2014).

'77. Chen, U. Baumeister, C. Tschierske, and F. Wiirthner, “Effect of core twisting
on self-assembly and optical properties of perylene bisimide dyes in solution and
columnar liquid crystalline phases,” Chem. - Eur. ]. 13, 450-465 (2007).

'8F. Wiirthner, C. Thalacker, S. Diele, and C. Tschierske, “Fluorescent J-type
aggregates and thermotropic columnar mesophases of perylene bisimide dyes,”
Chem. - Eur. J. 7, 2245-2253 (2001).

°c. Kaufmann, W. Kim, A. Nowak-Krdl, Y. Hong, D. Kim, and F. Wiirthner,
“Ultrafast exciton delocalization, localization, and excimer formation dynamics in
a highly defined perylene bisimide quadruple II-stack,” ]. Am. Chem. Soc. 140,
4253-4258 (2018).

20F, A. Margulies, L. E. Shoer, S. W. Eaton, and M. R. Wasielewski, “Excimer
formation in cofacial and slip-stacked perylene-3, 4: 9, 10-bis (dicarboximide)
dimers on a redox-inactive triptycene scaffold,” Phys. Chem. Chem. Phys. 16,
23735-23742 (2014).

2'M. Son, K. H. Park, C. Shao, F. Wiirthner, and D. Kim, “Spectroscopic demon-
stration of exciton dynamics and excimer formation in a sterically controlled
perylene bisimide dimer aggregate,” |. Phys. Chem. Lett. 5, 3601-3607 (2014).
22]4 J. Burdett, D. Gosztola, and C. J. Bardeen, “The dependence of singlet exciton
relaxation on excitation density and temperature in polycrystalline tetracene thin
films: Kinetic evidence for a dark intermediate state and implications for singlet
fission,” J. Chem. Phys. 135, 214508 (2011).

J. Chem. Phys. 151, 094301 (2019); doi: 10.1063/1.5110306
Published under license by AIP Publishing

151, 094301-9


https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5110306#suppl
https://doi.org/10.1002/cplu.201700449
https://doi.org/10.1021/ja4053174
https://doi.org/10.1021/jacs.7b11888
https://doi.org/10.1021/ja105510k
https://doi.org/10.1021/cr1002613
https://doi.org/10.1021/jp505942k
https://doi.org/10.1021/acs.jpclett.5b00569
https://doi.org/10.1039/c9sc00384c
https://doi.org/10.1038/nchem.2589
https://doi.org/10.1021/jp503398a
https://doi.org/10.1021/jz5023575
https://doi.org/10.1021/acs.jpcc.6b00755
https://doi.org/10.1021/jp0659812
https://doi.org/10.1039/b814913e
https://doi.org/10.1021/jo501180a
https://doi.org/10.1002/chem.200600891
https://doi.org/10.1002/1521-3765(20010518)7:10<2245::aid-chem2245>3.0.co;2-w
https://doi.org/10.1021/jacs.7b11571
https://doi.org/10.1039/c4cp03107e
https://doi.org/10.1021/jz501953a
https://doi.org/10.1063/1.3664630

The Journal

of Chemical Physics

2], Li, Z. Chen, Q. Zhang, Z. Xiong, and Y. Zhang, “Temperature-dependent
singlet exciton fission observed in amorphous rubrene films,” Org. Electron. 26,
213-217 (2015).

%%W. E. Ford and P. V. Kamat, “Photochemistry of 3, 4, 9,
10-perylenetetracarboxylic dianhydride dyes. 3. Singlet and triplet excited-state
properties of the bis (2, 5-di-tert-butylphenyl) imide derivative,” . Phys. Chem.
91, 6373-6380 (1987).

A K. Le, J. A. Bender, and S. T. Roberts, “Slow singlet fission observed in
a polycrystalline perylenediimide thin film,” J. Phys. Chem. Lett. 7, 4922-4928
(2016).

ARTICLE scitation.org/journalljcp

28C. B. Dover, . K. Gallaher, L. Frazer, P. C. Tapping, A. J. Petty II, M. J. Cross-
ley, J. E. Anthony, T. W. Kee, and T. W. Schmidt, “Endothermic singlet fission is
hindered by excimer formation,” Nat. Chem. 10, 305 (2018).

27C. M. Mauck, P. E. Hartnett, E. A. Margulies, L. Ma, C. E. Miller, G. C. Schatz,
T. J. Marks, and M. R. Wasielewski, “Singlet fission via an excimer-like interme-
diate in 3, 6-bis (thiophen-2-YI) diketopyrrolopyrrole derivatives,” J. Am. Chem.
Soc. 138, 11749-11761 (2016).

287 Yu, Y. Wu, Q. Peng, C. Sun, J. Chen, J. Yao, and H. Fu, “Accessing the
triplet state in heavy-atom-free perylene diimides,” Chem. - Eur. J. 22, 4717-4722
(2016).

J. Chem. Phys. 151, 094301 (2019); doi: 10.1063/1.5110306
Published under license by AIP Publishing

151, 094301-10


https://scitation.org/journal/jcp
https://doi.org/10.1016/j.orgel.2015.07.035
https://doi.org/10.1021/j100309a012
https://doi.org/10.1021/acs.jpclett.6b02320
https://doi.org/10.1038/nchem.2926
https://doi.org/10.1021/jacs.6b05627
https://doi.org/10.1021/jacs.6b05627
https://doi.org/10.1002/chem.201600300

