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A water-soluble, bay-functionalized
perylenediimide derivative — correlating
aggregation and excited state dynamics+

° F. Rigodanza,” M. Burian,®
€T T Clark @ and D. M. Guldi @ *®

K. Dirian,}? S. Bauroth,i® A. Roth,® Z. Syrgiannis,
H. Amenitsch, @ D. I. Sharapa, &2 ¢ M. Prato,

The aggregation and the photophysics of a water soluble perylenediimide (PDI) derivative that features
two bromine substituents in the bay positions has been probed. Non-fluorescent aggregates were found
to be present at concentrations of 1.0 x 107> M. In situ small-angle X-ray scattering (SAXS) measurements
and complementary molecular modeling showed the presence of PDI aggregates. In their singlet excited
states, the PDI aggregates are characterized by distinct transient fingerprints and rapid deactivation, as
revealed by pump-probe experiments on the femto-, pico-, nano-, and microsecond timescales. The
product of this deactivation is a PDI triplet excited state. The efficiency of the triplet formation depends
on the concentration, and hence on the degree of aggregation. Notably, for PDI concentrations in the
Accepted 28th December 2017 range of the critical micelle concentration, the efficiency of intersystem crossing is close to zero. In short,
we have demonstrated, for the first time, aggregation-induced formation of triplet excited states for PDI
derivatives.

fluorescence quantum yield and Stokes shift, and on the
10,11

Introduction

nature and lifetime of photoexcited states is most notable.

Ordering and/or self-assembly of organic building blocks on
the molecular scale is of utmost importance for their use in
advanced molecular technologies.” ™ Being able to control the
structure-property relationships is essential for creating self-
structured, multifunctional materials.™ For stacks and other
aggregate structures, early work showed that the electronic
structure of both ground and the excited states is largely gov-
erned by the mutual orientation of the individual building
blocks and their dipole moments.®® The impact of the aggre-
gate structure, both on key electronic parameters such as the

“Department of Chemistry and Pharmacy & Interdisciplinary Center for Molecular
Materials, Friedrich-Alexander-University Erlangen-Nuernberg, 91058 Erlangen,
Germany. E-mail: dirk.guldi@fau.de

bCenter of Excellence for Nanostructured Materials (CENMAT) and INSTM, unit of
Trieste, Department of Chemical and Pharmaceutical Sciences, University of Triest,
via L. Giorgleri 1, 34127 Trieste, Italy

“Institute of Inorganic Chemistry, Graz University of Technology, Stremayrgasse 9/IV,
Graz 8010, Austria

“Computer-Chemistry Center, Department of Chemistry and Pharmacy,
Friedrich-Alexander-University Erlangen-Nuernberg, 91052 Erlangen, Germany
“Carbon Nanotechnology Labroratory, CIC biomaGUNE, Paseo de Miramon 182,
20009 Donostia-San Sebastian, Spain

-’:Basque Fdn Sci, Tkerbasque, Bilbao 48013, Spain

i These authors contributed equally to this work.

Rylenes and their derivatives are versatile model systems that
allow us to proceed far beyond just establishing the mentioned
structure-property relationships.”*'* Perylene diimide deriva-
tives (PDI) stand out among this class of molecules, both in
terms of their photophysics and their aggregation pro-
perties.™*"? In the case of PDIs, covalent model systems have
helped to shed light on the influence of geometric parameters,
such as center-to-center distances or slip-stacked arrange-
ments, and on the excited state processes that lead to changes
in the photophysics, including charge transfer, charge separ-
ation, and excimer fomation.'®2°

The fate of PDIs in their excited states is dominated by
singlet excited states with fluorescence quantum yields close to
unity.”"** As a result, the quantum yields of intersystem cross-
ing (ISC) processes are poor and PDI-centered triplet excited
states are only accessible through sensitization, the presence of
heavy metal ions,>*® charge recombination,®** or singlet
fission.*”*” In a recent study, Wiirthner and coworkers showed
that the population of triplet excited states depends on solvent
polarity because they arise as photoproducts of charge transfer
and/or charge separation.”® Comprehensive transient-absorp-
tion studies examining the influence of aggregation on the occur-
rence of triplet excited states are rare.***’

We have now investigated the formation of aggregates of a
brominated water soluble PDI derivative (1). Water is known to



be the optimal medium for inducing aggregation.'>*" We

focus on how bay substitution with halogens affects the ISC
yield through potential heavy atom effects and/or a twist in the
perylene core.

Results and discussion

The synthesis of PDI derivative 1 has been described pre-
viously.”"*'?¢ We first performed concentration-dependent
assays of 1 by steady-state spectroscopies over a broad concen-
tration range (from 7.3 x 1077 to 5 x 10" M). Normalized
absorption spectra of 1 in this concentration regime are shown
in Fig. 1 and the corresponding extinction spectra are given in
the ESI (Fig. S17).

Three prominent maxima at 395, 498, and 532 nm domi-
nate the visible region of the absorption spectrum of 1. An
additional maximum arises in the ultraviolet region and is
assigned to excitation into higher-lying singlet excited states
(Fig. S1f). We conclude a strong concentration dependence
from the changes in Fig. 1. At concentrations of 1 x 107> M
and lower, the bathochromic maximum is more intense than
the hypsochromic maximum, whereas the reverse is the case at
concentrations higher than 1 x 107> M (Fig. S27). An
additional red shift, from 532 to 537 nm, and an overall broad-
ening of the absorption features accompanies these changes.
From the changes in the absorption spectra, we deduce signifi-
cant changes in the intermolecular PDI interactions, from
monomers to aggregates. We consider the 500 nm absorption
maximum in the high concentration regime to be evidence for
the presence of H-type aggregates. In contrast, the low concen-
tration regime is governed by monomers of 1.'*"'%3%%7

Small angle X-ray scattering (SAXS) measurements con-
firmed the formation of ageregates at 1.2 x 10™* M. As seen in
Fig. 2, the scattering pattern is dominated by a low-g contri-
bution with a slope of g *. This is characteristic of macro-
scopic aggregation.*®*? We deduce a minimum aggregate size
of Dpax > 7/gmin &~ 26 nm from the experimental low-angle
resolution limit.*
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Fig. 1 Left: Molecular structure of PDI 1. The chloride counterion is not
shown. Right: Absorption spectra of 1 in water, normalized to the
535-540 nm maximum with different concentrations from 7.3 x 1077
(grey) to 5.0 x 107 M (red).
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Fig. 2 SAXS data of 1 at 1.2 x 10~* M. The low-q intensity increase
compared to the form factor scattering of a single molecule is charac-
teristic for aggregation.

Molecular-dynamics (MD) simulations and density-func-
tional theory (DFT) calculations were carried out in order to
obtain intermolecular details not available from the SAXS
measurements. Initial force-field optimizations in the gas
phase showed the arrangement in one dimensional (1D)
helical stacks to be the lowest in energy for 1. These initial
results formed the basis for DFT (PBEQ"®/cc-pvDZ'") geo-
metry optimizations used sequentially to build up aggregates
of 1 up to the pentamer in simulated aqueous solutions
using the polarizable continuum model.*® The results are
shown in Fig. 3 and the ESI (Fig. S3-S6F). The MD simu-
lations used a 20mer and explicit water to demonstrate the
stability of large aggregates in aqueous solution and to
investigate their dynamics, as shown in Fig. S7 and S8 of the
ESL1 Time dependent DFT (TD-DFT)* and AM1°® semiempi-
rical configuration interaction singles (CIS) were used to
study the absorption characteristics of optimized and MD
geometries.

The DFT calculations show the aggregates to consist of par-
allel shifted (@ ~ 90°) monomers along the z-axis with an inter-
plane distance of 3.8 A and twisted by ¢ = 28°. The dimeriza-
tion energy was calculated in different solvent environments.
The results and the exact designation of all angles are given in
Fig. 3. In water, the aggregate formation is exothermic by
35 keal mol™ per dimer interaction, resulting from the stabi-
lization of the cationic charges by the polar environment and
the hydrophobicity of the PDI core. In solvents of lower
polarity (see caption of Fig. 3), Coulombic repulsion between
dicationic monomers prevails over the van der Waals inter-
action (Fig. 897). A further proof for the stability of the pre-
dicted helical aggregate is given by the MD simulation.
Although the movement of the flexible ethyl ammonium
groups around f and § induce changes in the aggregate geome-
try, the linear helical shape (Fig. S7 and S8t) with a PDI to PDI
twist angle ¢ of 25° is preferred. Generally, geometric para-
meters of the MD-derived structures are in good agreement
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Fig. 3 Top: DFT optimized dimer geometry including the main geo-
metric measurements — the dihedrals «, g, 5, the inter plane distance,
angle and torsion (d, @ and ¢) and the slip angle w. Bottom: Dimerization
energies of the dimer (black), trimer (red), tetramer (blue), and pentamer
(green) in dependence of the Kirkwood solvent parameter. Data points
from left to right resemble n-hexane (¢ = 1.88), 1-hexene (¢ = 2.07),
toluene (¢ = 2.37), dibutylether (¢ = 3.04), diethylether (¢ = 4.24), THF
(e = 7.42), benzonitrile (¢ = 25.562), acetonitrile (¢ = 35.688) and water
(e = 78.35) solvation.

with the DFT study. Interestingly a group of five PDIs turned
by 180° during the MD simulation, stabilizing again in the
helical conformation. This indicates both flexibility and stabi-
lity of the proposed structure in solvation environment. The
stability, the slip angle, and the torsion in model aggregates of
1 are consistent with the steady-state spectroscopies. In par-
ticular, the slip angle w of 14° is close to the expected value of
0° for perfect H-type aggregation. This is confirmed by vertical
excitation energies calculated with TD-DFT, see Fig. S10.7 The
predicted vertical excitation energies for monomeric 1 are 2.31
eV (S;) and 3.18 eV (S,), in sound agreement with the absorp-
tion spectra. Aggregation has several effects. Firstly, the main
vertical excitation is shifted to 2.50 eV. Secondly, its oscillator
strength is increased significantly. Thirdly, an increase of the
aggregation number leads to stabilized triplet excited states, as
shown in Fig. S11.7 This last result is especially important for
the following discussion of the photophysics. The TD-DFT
derived tendencies match the AM1 CIS results obtained for
snapshots from the 20mer MD simulation. Similar the main
vertical transition of the aggregates is hypsochromic shifted
with respect to the monomer (Fig. S12 and S137). Thus, the
TDDFT and CIS calculations, spectroscopic data and SAXS

measurements are all consistent with H-type aggregates. The
SAXS measurements suggest a length larger than 26 nm.

We also investigated the self-assembly of 1 in the solid
state, on samples obtained by drop casting followed by solvent
evaporation, using atomic force microscopy (AFM) and trans-
mission electron microscopy (TEM). At a concentration of 1.2 x
10™* M, agglomerates and aggregates of different sizes are dis-
cernable in the AFM images, as shown in Fig. S17.7 Statistical
analyses give an average diameter of about 30 nm, consistent
with the modeling and SAXS studies. Larger amorphous and/
or crystalline super-structures with diameters in the
micrometer range are also observed. TEM measurements at
5 x 107" M reveal agglomerates and aggregates in a similar size
range, as shown in Fig. $18.1 Interestingly, these nanometer-
sized structures are absent at 1 x 107> M. This concentration is
significantly below the critical micelle concentration of 1.

Next, 1 was photoexcited throughout the visible range and
the corresponding fluorescence was monitored (see the exci-
tation-fluorescence plot in Fig. S19f). The fluorescence,
which was registered in the 550-650 nm range, was found to
be independent of the excitation wavelength. This suggests
the presence of only one fluorescent species. The shape of
the excitation spectra, which were, for example, based on the
fluorescence at 540, 560, and 650 nm, are in sound agree-
ment with the absorption spectra in the 10™° M range; see
Fig. S19.7 We hypothesize that only monomers of 1 fluoresce,
while the corresponding aggregates do not in this concen-
tration regime. This again is consistent with the H-type char-
acter of the aggregates. Probing the fluorescence-concen-
tration dependence in a range similar to the absorption
assays, from 7.3 x 1077 to 1 x 10°* M, led to subtle changes,
as shown in Fig. S20 and S21.1 We were careful to minimize
inner filter effects by following an established protocol.>!
Nonetheless, minor, but appreciable changes remained.
Starting at 1077 M, the fluorescence maximizes at 560 nm
and is followed by a shoulder at 600 nm. From there on, a
concentration increase of 1 up to 107* M leads to a blue shift
of the maximum to 553 nm and a decrease in intensity rela-
tive to the 600 nm feature.

In the normalized and the differential spectra shown in
Fig. 4, a sharp increase at 550 nm goes hand in hand with a
decrease in the 560-700 nm range. Interestingly, the integrated
fluorescence scales nearly linearly with the optical density at
the excitation wavelength throughout the entire concentration
range after eliminating inner filter effects, as shown in
Fig. S21.1

Absorption and fluorescence are also temperature depen-
dent (Fig. S49 and S507). Heating, for example, a solution of 1
(1 % 107* M) from 298 to 360 K intensifies and shifts the batho-
chromic maximum from 536 to 532 nm. The ratio between
optical density of hypsochromic and bathochromic maxima
followed a Boltzmann distribution with an inflection point at
318 K. The minimal and maximal ratio extrapolated by this fit
are 0.83 and 1.49, respectively, which is well in line with the
values derived by concentration dependent measurements
(Fig. S21) at 7.3 x 10”7 and 5 x 10~* M, respectively.



1.0
L/
3
0.8}
4t
* 3
-
*
0.6 | K3
Emission / -
-
norm. e s
.
3
0.2
0.0 I | 1
500 550 600 650 700 750 800
Wavelength / nm
Al
norm.

500 550 600 650 700 750 800
Wavelength / nm

Fig. 4 Top: Normalized fluorescence spectra of 1 obtained upon
480 nm excitation in H.O with concentrations of 7.3 x 1077 M (black)
and 1.0 x 107* M (red). Bottom: Differential fluorescence spectra
obtained from the normalized spectra shown above.

Complementary  spectroelectrochemical — measurements
were also performed; the fluorescence of 1 was monitored as a
function of external bias. In particular, reductive potentials
ranging from 0 to —500 mV were applied throughout several
electrochemical cycles, revealing gquasi-reversible behavior.
This is reflected in an alternation of fluorescence attenuation
and (re)intensification. Mapping the intensity changes shows
that the application of reductive conditions results in an
attenuation of the fluorescence, whereas re-oxidation of 1
leads to distinet changes in the fluorescence spectra in the
form of an increase in the 550 to 580 nm range, as shown in
Fig. 5. Overall, such an increase in fluorescence is consistent
with the differential changes discussed in the context of the
concentration dependence of the fluorescence, as shown by
comparing Fig. 4 and 5. For a more comprehensive interpret-
ation, additional data, such as bias-intensity profiles, etc. are
shown in Fig. S22.7

Similar observations have been made in photoinduced
charge-separation assays.””***°"** Based on DFT calculations
we can state, that reducing 1 affects the order and the orien-
tation within the aggregates, while still keeping them intact.
For that purpose reduced as well as oxidized geometries of the
dimer and the trimer were optimized (Fig. S14+). The dimeri-
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Fig. 5 Top: 3D map of the differential changes in fluorescence of 1
(1.0 x 107 M, H,0O, 0.05 M Na,S0.) throughout several spectroelectro-
chemical cycles (0 mV—(-500 mV)-0 mV, vs. Ag-wire as quasi reference
electrode). Bottom: Differential fluorescence spectra of 1 recorded at
0 mV (grey), =500 mV (black), and 0 mV (red). The spectra are taken
from the first electrochemical cycle.

zation energy rises by 6 kecal mol™ for the reduced dimer, as
the Coulomb repulsion is lowered when the charge of the
system is decreased. Better stabilization results in higher
driving force towards aggregation upon reduction and, in turn,
to a lowered concentration of remaining monomer in solution.
For the same reason the fully oxidized species is destabilized
by 3 keal mol™" with respect to the dimer. Interestingly inter
plane distance d increase by 0.1 nm during reduction, while
the twist angle ¢ and slip angle @ are lowered to 22° and 11°,
meaning that the dimer anion features better H-type aggrega-
tion characteristic than the dimer. Better H-type geometry,
potentially less monomer in solution and the lower oscillator
strength of the anion at the excitation wavelength rationalize
the decreased in emission intensity.

Oxidation has the opposite effect - reducing d to 3.7 A and
increasing ¢ to 32° and @ by 1°. Overall, a slightly different
arrangement in the reformed aggregates is indicated by
changes in the shape of the fluorescence. Therefore, we would
have expected a transition state along the reaction coordinate



from the re-oxidized anion towards the dimer ground state,
but neither DFT, nor semiempirical AM1 calculations gave a
barrier. Based on the hypothesis that the reduced PDI core
might by stabilized by interaction with the positively charged
amines we created different input geometries of the reduced
form by rotating around the dihedrals f and é. Indeed, rotation
of two ethyl amine groups results in a local minimum for the
reduced species (Fig. S15 and S167). Interestingly, the barrier
for the recovery of initial dimer geometry after reoxidation of
14.5 keal mol™ is significantly larger than for the forward
process. Experimental attempts to overcome this barrier by
heating the sample after reoxidation failed (Fig. S511). This let
us to conclude, that upon reductive conditions at least two
possible reorganizations occur: one, which is barrierless, and,
which forms a nearly perfect H-type aggregates with a reduced
twist angle of 22° and a second one, which constitutes a
trapped conformation with an increased twist angle of 40°.

The above results point to monomers of 1 in the low-con-
centration regime. In the higher-concentration regime, 1 likely
exists predominantly as weak fluorescent aggregates.

In the next step, the influence of sodium sulfate (Na,SO,)
and sodium dodecylbenzenesulfonate (SDBS), on the ordering/
self-assembly of 1 was tested. The latter served as a surfactant,
whereas the former was used to tune the ionic strength of solu-
tions containing 1. The addition of solid Na,S0, leads to
subtle differences. On the one hand, a hypsochromic change
in the relative intensity ratio of the 500 and 535 nm maxima is
observed. On the other hand, the fluorescence becomes less
intense as the ionic strength of the solution is increased, as
shown in Fig. S23.1 Both observations imply ionic-strength-
dependent aggregation. A somehow different picture evolves
when variable weight percentages (wt%) of SDBS are present.
In particular, the presence of SDBS induces a strong increase
in the 535 nm intensity, which is, in addition, supported by an
overall increase in absorptivity. Moreover, the absorption
pattern seen in the presence of 0.5 wt% SDBS agrees with the
excitation spectrum, as shown in Fig. S24.f These results
suggest that the weak-fluorescent aggregates of 1 are converted
into their monomers in the presence of the surface-active
SDBS. Additional support for this hypothesis came from the
fact that the excitation and absorption spectra of 1 in SDBS
containing solutions are superimposable.

Our spectroscopic assays conducted in steady-state modes
suggest an equilibrium between monomeric 1, which domi-
nates in the low-concentration regime, and aggregated 1,
which was observed in the high-concentration regime. In the
excited state, aggregates of 1 deactivate via non-radiative chan-
nels. Because the fluorescence of 1 is prone to hypsochromic
changes in the higher-concentration regime, the aggregates of
1 have to be, at least weakly fluorescent. This is consistent
with the results of spectroelectrochemical cycles in fluo-
rescence mode, as shown by comparing Fig. 4 and 5.

The excited state dynamics of 1 were next investigated by
time-resolved pump-probe techniques. Both the pico- to the
early nanosecond and the nano- to the microsecond time scale
were probed. We once again used 2.5 x 107°, 5.0 x 10>,

1.0 x 107", 2.5 x 107, 5.0 x 107" and 1.0 * 107 M concen-
trations of 1. Upon 530 nm laser excitation and with a concen-
tration of, for example, 2.5 x 10~° M, the immediate formation
of minima at 500 and 555 nm was observed. For 1, the former
reflects the depopulation of the ground state, while the latter
relates to stimulated emission. In addition, newly developing
transient absorption maxima were found at 630 and 725 nm.
On the nanosecond timescale, these features transform into
new maxima at 520 and 585 nm. At first glance, the excited-
state fingerprints do not depend on concentration and the
transient absorption spectra under the different concen-
trations lack any appreciable shifts, see Fig. $25-S30.1 A closer
look reveals, however, distinct kinetic changes as the concen-
tration is varied. For example, the time-absorption profiles at
630 nm show a rapid and monoexponential decay within
100 ps. In contrast, in the 700-750 nm region, they are best
described as a biexponential decay featuring a short-lived com-
ponent similar to that found at 630 nm, and a long-lived com-
ponent that exceeds the time resolution of the chosen experi-
mental set-up, see Fig. S31.7 Importantly, the relative ampli-
tude of the short-lived component increases with concen-
tration of 1 in the 750 nm time absorption profiles, see Fig. 6,
§31, and S32.1 The 500 and 750 nm kinetics suggest that the
deactivation of singlet excited states in monomeric 1 repopu-
lates the ground state directly and, as such, does not contrib-
ute to the triplet quantum yield.

Considering that the 630 nm transient lacks any concen-
tration dependence, a tentative interpretation infers excited-
state absorptions of the aggregates formed by 1, see Fig. 6 and
$32.7 This excited state deactivates within 100 ps, independent
of the concentration, in contrast to the relative changes in the
differential absorption. It is more striking that the intensity of
the 585 nm feature, which evolves within nanoseconds, dis-
plays the same concentration dependence as that at 630 nm.
This relationship indicates the fast transformation of the
singlet excited causes the 520 and 585 nm features. Recent
studies have assigned similar transients to triplet excited
states of PDIs.”* "

As triplet excited of PDIs generally
unobservable,”*? we conclude that other stimuli must be at
work in 1. To this end, we consider a heavy-atom effect stem-
ming from the two bromine substituents, an enhancement of
ISC due to non-planarity of the system®” or a charge-transfer
character in the excited state.

With the help of spectroelectrochemical reduction of 1, the
broad maximum in the 600 to 650 nm range (Fig. 7) is assign-
able. Overall, it matches the excited-state absorptions of aggre-
gates of 1. Additional TD-DFT calculations predict the most
dominant transitions for the singly reduced dimer to be cen-
tered at 562 and 618 nm. The internal reorganization energy
for charge separation, as they were derived from the reduced
and oxidized geometries between two monomers is 0.21 eV.
On the other hand, the reorganization energy within a single
dimer is lowered to 0.17 eV, All of the aforementioned let us
conclude that charge transfer dictates the excited states in
oligomers of 1.

states are
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Fig. 6 Top: Differential absorption spectra of 1 in H,O obtained upon
530 nm laser excitation at a time delay of 3 ps with concentrations of 2.5
x 107° (black), 5.0 x 107° (dark grey), 1.0 x 10~ (grey), 2.5 x 10~ (light
brown), and 5.0 x 10™* M (brown). Spectra are normalized to the
500 nm minimum. Bottom: Differential absorption spectra of 1 in H,O
obtained upon 530 nm laser excitation at a time delay of 3 ns with con-
centrations of 2.5 x 10~° (black), 5.0 x 1075 (dark grey), 1.0 x 10~ (grey),
2.5 x 10~* (light brown), and 5.0 x 10~* M (brown). Spectra are normal-
ized to the 495 nm minimum.
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Fig. 7 Comparison of the electrochemically generated reduced form of
1 (H20/0.1 M NayS0,4/—-600 mV vs. Ag-wire) (top) with the transient
absorption spectra (iex = 530 nm) at a 2 ps time delay with concen-
trations of 1.0 x 103 (middle) and 5.0 x 10~ M (bottom).

For a planar non-brominated PDI absorption measure-
ments support the notion of aggregate formation as the con-
centration is increased. The red shift of the hypsochromic
maxima is, however, with 13 nm more pronounced than what
is seen for 1 (Fig. S457). Following 530 nm photoexcitation the
transient absorption spectra (Fig. S46 and S477) reveal broad
excited state absorptions from 560 nm all the way to 800 nm.
In contrast to 1, the intense charge transfer feature at 630 nm
is absent. Similar to 1, a two exponential fitting function was
employed to fit the time absorption profiles at 500 and
700 nm. A 344 ps component relates to the decay of the singlet
excited states in the aggregates, while the monomers de-
activate within several nanoseconds. Interestingly the singlet
excited state lifetime is at least three time larger than what is
found for 1. More striking is, however, the lack of the 585 nm
transient, which correlates with the triplet excited states.
Instead, the ground state recovery at, for example, 500 nm
takes place with the same kinetics parameters as the excited
state deactivation. In other words, intersystem crossing is not
facilitated. At first glance, ISC is absent as no heavy atom
effect is operative in the non-brominated PDI. A closer look
reveals that the planarity imposes significant differences in the
aggregation behavior. In light of the aforementioned we
cannot rule out any of the three contributions to the inter-
system crossing in 1. Considering that the non-brominated
PDI lacks any appreciable charge transfer character renders it
as the most probable factor to enhance ISC.

Additional transient measurements conducted on the
nano- and microsecond time scales helped to document the
triplet nature of the excited state through quenching experi-
ments with molecular oxygen. 530 nm laser pulses were
chosen to excite 1. In argon-saturated solutions, the character-
istic 520/580 nm features were observed at delay times as short
as 20 ns. These are flanked by singlet excited-state fingerprints
of monomeric 1. In the absence of oxygen, the lifetime of the
triplet excited determined to be 400 ns.
Photoexcitation in the presence of oxygen yields the same
excited-state fingerprints, but the triplet excited state lifetime
was shortened, as shown in Fig. S33.7

The concentration dependence on the nano- and micro-
second timescale and the effects on the kinetics were also exam-
ined for six different concentrations in the range from 2.5 x 107
to 1.0 x 10~° M. All maxima and minima resemble the features
on the shorter time scales. For example, the 520/585 nm signa-
tures represent triplet excited states, whereas the 750 nm finger-
print originates from singlet excited-state absorptions.

Resolution of the 630 nm singlet excited-state feature of
aggregated 1 is hampered by the instrumental settings, so that
420 nm was used instead. The 420 nm time absorption profiles
feature a short-lived, 4 ns singlet excited state and a long-lived
(350 ns) triplet excited state (Fig. S347). As the concentration of
1 was increased, contributions stemming from the 300-400 ns
component were found to increase. The same trend was noted
for the triplet excited-state features (Fig. 8). The transient
spectra of the other concentrations are summarized in
Fig. $35-538.F

state was



Analyses of the ground-state recovery led to the conclusion
that the effective concentration of 1 exerts no meaningful
impact on the triplet excited states of 1. Annihilation of triplets
within the aggregates is a likely mechanism, so that increasing
the concentration of 1 lacks any notable impact on the ground
state recovery (Fig. S391).

Next, the pico- and nanosecond data were analyzed by global
analysis. As a leading example, we focus on a concentration of
5 x 10* M to ensure the presence of aggregated 1. A parallel
model was selected and three evolution-associated spectra (EAS)
were needed to describe the experimental data (Fig. S407).
Consistent with the above discussion, they are assigned to the
singlet excited state deactivation in aggregates and monomers
of 1 and to the triplet excited states. Importantly, contributions
stemming from the triplet excited state are even significant at
timescales as short as 100 ps. Turning to the nanosecond range
(Fig. S41t) global analysis corroborates that the triplet excited
states are not a product of intersystem crossing in monomeric
1. The triplet excited state is present both at 1 ns and at 20 ns.
Consequently, our analysis provides support for the hypothesis
that the formation of triplet excited states is linked predomi-
nantly to aggregates of 1.

In summary, we infer the formation of PDI-centered triplet
excited states, but only in weak-fluorescent aggregates of 1. Here,
it is the short-lived nature of their singlet excited states that is
decisive. Independent proof for our hypothesis came from
addition of SDBS to convert the aggregates of 1 into their mono-
mers at a concentration of 1.0 x 10~* M. Signs of the monomeri-
zation of 1 include enhanced fluorescence, higher extinction
coefficients and changes in the relative intensities in the absorp-
tion maxima as already demonstrated. Fig. 9 shows the differen-
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Fig. 8 Top left: Differential absorption spectra of 1 (2.5 x 1075 M) in
H.O with different time delays from 2 (red) to 734 ns (blue) obtained
upon 530 nm laser excitation. Top right: Corresponding time absorption
profiles monitored at 585 (black) and 743 nm (red) monitoring the decay
of the singlet excited state and the formation of triplet excited states.
Bottom left: Differential absorption spectra of 1 (5 x 10~* M) in H,O with
different time delays from 2 (red) to 734 ns (blue) obtained upon 530 nm
laser excitation. Bottom right: Corresponding time absorption profiles
monitored at 585 (black) and 743 nm (red) monitoring the decay of the
singlet excited state and the formation of triplet excited states.
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Fig. 9 Top: 2D transient absorption spectra obtained upon 530 nm
excitation of 1 (1.0 x 10~* M) with time delays between 1 ns and 1 ps.
Bottom: 2D transient absorption spectra obtained upon 530 nm exci-
tation of 1 (1.0 x 10~* M) in presence of 2 wt% SDBS with time delays
between 1 ns and 1 ps. The color code scales from positive differential
changes (red) to negative differential changes (blue).

tial absorption changes formed upon photoexcitation of 1 and
1/SDBS. The quantum efficiency for the triplet excited state for-
mation is clearly reduced for 1/SDBS relative to 1. In particular,
the triplet excited state features are barely visible in 1/SDBS and
the 420 nm kinetics are clearly dominated by a single de-
activation process (Fig. S427F). Moreover, the relative amplitudes
of the triplet and singlet excited states absorption features
change from 1.87 in 1 to 0.16 in 1/SDBS. Significant differences
were also noted in the kinetics at 750 nm, which relate to singlet
excited state deactivation in monomeric rather than aggregated 1
(Fig. S43%). A possible rationale infers the presence of inverted
micelles. According to previous theoretical and experimental con-
siderations, they should fluorescence and feature lifetimes in the
nanosecond range.

Experimental section
Spectroscopy

UV/Vis/nIR measurements were performed using either a
PerkinElmer Lambda 2 spectrometer or a Cary 5000 spectro-



meter (Varian). Emission was detected in the visible range by a
Flouromax3 spectrometer (Horiba Scientific) and in the near
infrared by a Fluorolog 3 (Horiba Scientific) equipped with an
InGaAs symphony as detection unit.

Transient absorption spectra on the pico- and nanosecond
timescale were performed with output from CPA 2110 or CPA
2101 Ti/sapphire laser systems from Clark-MXR Inc. (775 nm,
1 kHz, 150 fs FWHM pulses). 387 nm excitation pulses were
generated by second harmonic generation. For measurements
with pico- and nanosecond time resolution a Helios transient
absorption spectrometer was equipped. For the corresponding
measurements on the microsecond time scale, a EOS transient
absorption spectrometer was used. Both systems were provided
by Ultrafast Systems. All measurements were carried out in
2 mm OS quartz cuvettes. Atomic force microscopy tapping
mode images were recorded on a Solver Pro scanning probe
microscope (NT-MDT) equipped with a Sony Exwave HAD
camera optical zoom (6.5).

Electrochemistry

Cyclic Voltammetry and Square Wave Voltammetry was per-
formed using a Methrom pAutlobabFralll with in cooperated
impedance unit. Measurements were performed in a home-
made cell (V =5 ml) with a glassy carbon working electrode
(3 mm diameter), a silver wire acting as pseudo reference elec-
trode and a Pt wire serving as counter electrode. NOVA 1.10°
from Methrom served as control software.

UV/Vis/nIR spectroelectrochemical measurements were per-
formed in a homemade three neck cell equipped with a
Pt-mesh as transparent working electrode, a Ag-wire as pseudo
reference electrode and a Pt plate as counter electrode.
Emission spectroelectrochemistry was conducted in a quartz
cell with a optical path of 0.5 mm. A Pt mesh served as
working electrode, a Pt wire served as counter and Ag-wire as
pseudo reference electrode. A PGStat 101 from Methrom was
used as potentiostat. The latter was controlled by the software
NOVA 1.10° provided by Methrom.

Small angle X-ray scattering

Small angle X-ray scattering (SAXS) measurements were per-
formed at the Austrian SAXS beamline of the electron storage
ring ELETTRA using a photon energy of 8 keV.*® The beamline
setup was adjusted to a sample to detector distance of 763 mm
to result in an accessible g-range 0.12-4 nm™". All images were
recorded using the Pilatus 1 M detector (Dectris, Switzerland).
For each sample placed in a flow through cell (diameter
1.5 mm), six exposures of 20 seconds each were taken and
images without radiation damage have been averaged. The
g-scale was calibrated with the reference silver-behenate
(d-spacing of 5.838 nm). The conversion of the images to 1D
pattern was performed with the FIT2D software."* The data
was corrected for fluctuations of the primary intensity, trans-
mission and the corresponding background has been sub-
tracted from each scattering pattern. The presented formfactor
was calculated using the CRYSOL package.*

Atomic force microscopy

Atomic Force Microscopy (AFM) measurements were per-
formed using a Nanoscope V microscope (Digital Instruments
Metrology Group, model MMAFMLN) in tapping mode in air
at room temperature, using standard pmash® SPM probe
(NSC15/AIBS) with tip height 12-18 pm, cone angle <40° (reso-
nant frequency 325 kHz, force constant of ~40 N m™'). Image
analysis has been performed with WsXM software (Nanotec
Electronica S. L.).” The accuracy of the AFM diameter determi-
nation was improved by tip deconvolution. Considering the
diameter of AFM tip and the larger dimensions of particles, we
calculated real particle diameter from formula:

re = r(cos dy + (cos® By + (1 + sin @y)(—1 + (tan 6y /cos &)
+tan? 6,))"%)

where r is the particle radius, 6, is the mean half angle of the
tip and r. is the AFM radius of a particle, as seen in the
image.” For the preparation of sample surfaces the same con-
centration as in the SAXS experiments (1 =1.2 x 10~* M, in dis-
tilled H,0, pH = 7) was used. Dispersions were spin coated
and mica was used as substrate, Diameter and height distri-
bution for aggregates of 1 was evaluated considering 5 AFM
images, size 10 x 10 pm.

Transmission electron microscopy

Transmission electron microscopy (TEM) measurements were
performed with a Zeiss Omega 912 microscope with an accel-
eration voltage of 80 kV. The samples were drop-casted on
lacey carbon coated copper grids and then dried for 24 h.

Conclusions

In the current study, monomers and aggregates of PDI 1 were
probed in water with particular emphasis on the excited state
properties. At concentrations higher than 1 x 107 M aggre-
gates are formed, while at concentrations lower than that
monomers are predominant. Important is the fact, that the
fluorescence pattern of 1 undergoes slight, but discernable
changes as a function of concentration. The so formed aggre-
gates are weak luminescing, absorbing, and almost perfect
H-type in nature. Aggregates of 1 reveal upon photoexcitation
singlet excited states, which are most probably excitonic, and
which give rise to a distinct transient absorption maximum at
630 nm. Interestingly, this singlet excited state deactivates
within approximately 100 ps. Product of this deactivation is
the triplet excited state rather than the singlet ground state.
Moreover, transient absorption studies, which were performed
across a wide range of concentrations of 1, evoke an even more
efficient formation of triplet excited states as the concentration
of 1, and as such the degree of aggregation, increases.
Formation of the triplet excited state is, however, not intrinsic
to 1 as shown when photoexciting monomers of 1, that is, at
concentrations far below 1 x 107> M or through presence of
surface active additives. As such, we postulate charge transfer



character in densely packed aggregates of 1 to be operative in
the triplet excited state formation. An enhanced heavy atom
effect or a mixing of both cannot be ruled out.
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