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ABSTRACT: The concentration-dependent absorption
and temperature-dependent fluorescence of the perylene
bisimide dye PBI 1 in methylcyclohexane point to a
biphasic aggregation behavior. At intermediate concen-
trations and temperatures, respectively, a dimer with low
fluorescence yield dominates, which cannot be extended to
longer aggregates. Those are formed at high concen-
trations and low temperatures, respectively, via a second,
energetically unfavorable dimer species that acts as a
nucleus. A corresponding aggregation model reproduces
accurately the concentration dependence and allows
extracting the equilibrium constants and spectra of the
distinct species. The differences in the photophysical
properties indicate H-type excitonic coupling for the
favored dimer and J-type characteristics for the extended
aggregates which could be related to structural models
based on DFT calculations. The energetics can be
understood by considering hydrogen-bonding and 7—7-
stacking interactions.

S ince the seminal discovery by Jelley and Scheibe, dye
aggregates have been established as valuable components
for photonic applications.'~* In particular, the exciton transport
properties® of some J-aggregates with red-shifted and narrowed
absorption bands enable plasmonic hybrid systems and
coupling to microcavity resonators,”” and ultrahigh sensitivity
to fluorescence-quenching analytes.® However, among the vast
number of dye aggregates known, only a few proved their
usefulness for such applications because the photophysical
properties depend sensitively on the mutual arrangement of the
chromophores in the respective aggregates. In general,
aggregation can lead to red-shifted and narrowed absorption
spectra and an increased radiative rate as well as to blue-shifted
and broadened absorption spectra with reduced fluorescence
quantum yields.”'® The former case is usually referred to as J-
and the latter as H-aggregation” Many dyes show both
behaviors depending on the solvent,'! the salt concentration,'?
or the pH value."® For any application, control of the aggregate
structure and thereby of the associated photophysical proper-
ties is crucial and a quantitative description of the aggregation
process most helpful. To this end, isodesmic or cooperative
models'* can be applied.">'® However, for many dyes these
simple models cannot reproduce their a%gregation behavior,
calling for more sophisticated approaches.'”*®
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Here we investigate the concentration- and temperature-
dependent aggregation behavior of the perylene bisimide'® dye
N,N-di[N-(2-aminoethyl)-3,4,5-tris(dodecyloxy)benzamide -
1,6,7,12-tetra(4-tert-butylphenoxy)perylene-3,4:9,10-tetra-
carboxylic acid bisimide (PBI 1, Scheme 1) and the associated

Scheme 1. Chemical Structure of PBI 1
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photophysical properties in methylcyclohexane (MCH). Our
interest was triggered by the observation of an unusual change
of the fluorescence intensity upon increasing the concentration
or varying the temperature, which pointed at a pronounced
minimum for the fluorescence intensity for small aggregates.
Accordingly, after an initial “aggregation-induced quenching”, a
subsequent “aggregation-induced emission”*° behavior was
observed upon further growth of the aggre§ate. In light of the
strong recent interest in such phenomena,”"** we decided to
carry out an in-depth study on the aggregation process, the
involved aggregate species, and their photophysical character-
istics.

PBI 1 was synthesized as described in ref 23. Experimental
details are given in the Supporting Information (SI). For our
aggregation studies the nonpolar solvent MCH was used, which
interacts only weakly with the dye. This ensures strong 7—7-
stacking interactions among the dyes with concomitant
aggregate formation already at low concentrations and allows
the application of gas-phase calculations to predict the
supramolecular structures.

The apparent extinction coeflicient per molecule of PBI 1 in
MCH is shown in Figure la for a wide concentration range
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Figure 1. (a) Concentration-dependent measured (colored lines) and
simulated (black lines) absorption spectra of PBI 1 in MCH at room
temperature per molecule. The inset shows the measured (dots) and
simulated (lines) concentration dependence of the absorption at
specific wavelengths. (b) Temperature-dependent fluorescence spectra
and normalized integrated yield (inset) of PBI 1 in MCH at a
concentration of 0.02 mM. The red line serves as guide to the eye.

spanning 4 orders of magnitude. Starting from low concen-
trations, where the absorption is attributed to monomers, the
main absorption band in the visible spectral region shifts with
increasing concentration by 19 nm toward the red. Further
increasing the concentration results in the growth of the lowest
energy band and narrowing of the spectral features. The lack of
isosbestic points but the presence of several isosbestic regions
indicate that at least three species with distinct spectral
properties—the monomer, an intermediate, and the fully
developed aggregates—contribute to the overall absorbance.
This can be also seen from the absorption at specific
wavelengths (Figure la, inset), which exhibits two distinct
regimes of wavelength-dependent spectral evolution with
concentration.

Likewise, the fluorescence spectra of PBI 1 in MCH at a
concentration of 0.02 mM show a biphasic temperature
dependence (Figure 1b). Heating from room temperature,
where extended aggregates with small Stokes shift (11 nm)
prevail, leads to a dissociation into monomers with large Stokes
shift (29 nm) at the highest temperature of 90 °C, similar to
what was observed for other PBI dye aggregates.”* The final
state at 90 °C also shows all spectral characteristics of related
monomeric perylene bisimide dyes bearing four phenoxy
substituents in the bay region.”**® More interestingly, however,
are the observations for temperatures between the extremes.
Thus, in the interval from 25 to 40 °C, the sharp emission band
loses its intensity and shifts slightly to the red, concomitant
with a decrease of the quantum yield by almost a factor of 2
(Figure 1b, inset). In the next interval from 40 to 90 °C,
however, a turnaround is observed with an increase of the

fluorescence quantum yield even slightly above the initial value.
This process is further characterized by a spectral shift to the
blue and the reappearance of vibronic structure.

A similar behavior but with different transition temperatures
is observed at other concentrations of PBI 1 (see SI). Lowering
the concentration shifts the configuration with the minimal
quantum yield and strongest red shift to lower temperatures,
while higher concentrations are associated with a temperature
increase for the formation of these spectral features.
Accordingly, we conclude that the quantum yield and the
spectral shift of the fluorescence depend primarily on the size of
the aggregates and only indirectly on the temperature. To
explain the findings, a third species besides the monomers and
the final aggregates has to be considered, which dominates at
intermediate temperatures and exhibits a lower quantum yield
and a red-shifted fluorescence spectrum. The fluorescence
properties point to aggregates with H- or even excimer-type
characteristics, since in this case the transition to the lowest
electronically excited state carries no or only small oscillator
strength, and they exhibit typically broad absorption and
fluorescence bands as well as a comparably large Stokes shift.
The findings seem to indicate that aggregation of PBI 1 leads
first to small aggregates, respectively dimers, with little
oscillator strength in the lowest excitonic states. Only upon
further growth into larger aggregates is an aggregate species
with increased transition dipoles for the lowest excited state
formed.

The observed behavior is clearly more complex than
expected for a simple isodesmic or even the more sophisticated
nucleation—elongation growth model.'>'® In the former case
the aggregate would develop from the monomer by addition of
one molecule after the other, and the spectra could be
decomposed into monomer and aggregate contributions, which
was clearly not possible here. We also tried to analyze the
concentration dependence with an anti-cooperative aggregation
model">'® in which the dimerization constant is larger than the
growth constant of the successive aggregation steps. However,
also here no satisfactory agreement with the measurements was
achieved. Guided by the notion that the dimer has quite
different photophysical properties compared to the longer
aggregates, the model depicted in Figure 2 is therefore
proposed, which complies with all our observations.

Figure 2. Proposed aggregation model and calculated structures of the
favored dimer and the dimer acting as nucleus for the aggregates. The
dodecyl chains are omitted in the figure but taken into account in the
calculations. The red circles mark the area where hydrogen bonds are

suggested.
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The model is based on the appearance of two dimeric
species. One, D, is responsible for the spectra at intermediate
concentrations and temperatures, respectively. It is energetically
favored and forms from monomers M with a high dimerization
constant, Kp:

M+ M=D; [D]=KyMJ (1)

However, this species D cannot provide the required contact
surface for the association of a third monomer for reasons
discussed below. On the other hand, a second energetically
unfavored dimer D’ which is formed only in minor amounts
due to its lower dimerization constant K" can be extended by a
third and a fourth molecule at its periphery and accordingly acts
as a nucleus for longer aggregates. The concentration of D’ is
again given by eq 1, but with the constant K’. The growth of
larger aggregates M, is described by the successive association
of monomers with the aggregation constant Ky:

M, +M=M,
[M,] = Ky[M,_][M] = K"Ky [M]" ()

Here M, is identified with the second dimer D’. Introducing
the total concentration cr = ¢y + ¢p + ¢, of dye molecules, with
the concentration ¢y = [M] of monomers, ¢ = 2[D] of dye
molecules in the favored dimers, and ¢, of molecules in
unfavored dimers and in particular in larger aggregates, one
finds the following relations between the monomer concen-
tration and those of the other species:

cp = 2Kpey” 3)
R S SR
AT R (= Kyey)? M )

cp = ¢y + 2Kpc 2+—D;—1c
TR [(1 — Kyen)’ ] s
Using a fit algorithm, which minimizes the quadratic error,
the aggregation constants and absorption spectra of dye
molecules in the monomeric form, in dimers, and in larger
aggregates are extracted. Details are given in the SI. The
obtained aggregation constants for the self-assembly of PBI 1 in
MCH at room temperature are K, = 2.3 X 10° MY Kp' =29
M, and K,, = 1.1 X 10° M. Figure 3 shows the spectra of the
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Figure 3. Spectra of the monomer, favored H-dimer, and larger J-
aggregates extracted from the aggregation model. The inset shows the
fraction of monomers, molecules in the favored H-dimer, and
molecules in J-aggregates as a function of the total dye concentration.

distinct species and the simulated fractions a = c¢/cr as a
function of the total concentration. The favored dimer
aggregate accumulates at intermediate concentrations. This
behavior is comparable to the prevalence of cyclic species in
one-dimensional self-assemblies below the so-called effective
molarity concentration.”” Due to the small aggregation constant
Kp', the proportion of the unfavored dimer is always negligible,
and long J-aggregates are formed immediately at higher
concentrations. Therefore, the unfavored dimer never contrib-
utes significantly to the spectra. The long aggregates (blue in
Figure 3) show all typical signatures of J-aggregates, while the
favored dimer (red) may be classified as an H-aggregate despite
some peculiarities. Thus, the lack of a blue shift indicates that
the exciton coupling is weak and the “gas-to-crystal red shift”®
overcompensates the aggregation-induced blue shift. Excellent
agreement between measurements and simulated absorption
spectra is achieved, as can be seen from the comparison of
experimental (color) and simulated (black) data in Figure la.

The appearance of two dimers is supported by quantum
chemical calculations (simulated annealing molecular dynamics
using density functional based tight-binding®® including
empirical dispersion corrections™ as implemented in the
DFTB+ package®) of stacked and laterally shifted dimer
structures as shown in Figure 2. To relate the thermodynamic
and spectroscopic information obtained for PBI 1 monomer,
dimers, and extended aggregates to supramolecular structures,
we have to consider the twisted nature of the PBI backbone
with conformationally flexible phenoxy substituents as well as
the hydrogen bond donating (NH) and accepting (O) site at
each of the two benzamide groups tethered to the imide
substituents. The fact that the K, value of PBI 1 is more than 3
orders of magnitude larger than those observed for related PBI
dyes without peripheral benzamide subunits** supports the
involvement of hydrogen bonds in the energetically favored
dimer. The second dimer is disfavored as expressed by a 4
orders of magnitude smaller aggregation constant Kp'. This is
caused by the weaker binding energy resulting from a lateral
shift of the two monomers with respect to each other giving rise
to a reduced influence of the hydrogen bonds and only partial
m—r contact. However, the lateral shift leads to a sterically less
restricted structure which allows an extension by further
monomers. Such a lateral shift is similar to that observed for
another PBI J-aggregate reported previously.”’ We note that the
elongation constants K, of the two systems are almost identical,
corroborating the idea of a similar slipped-stack arrangement.
The major difference is that the structural features of our earlier
system did not support the formation of an alternative favored
dimer species, and accordingly the simple nucleation—growth
model was applicable.

Similar situations might be encountered more frequently
than one would assume on first sight. The structure of dimers is
determined by the best mutual interaction between the two
involved molecules, which calls for “induced-fit” optimization of
two adjacent van der Waals surfaces. This optimization can go
along with a strong penalty for the association of a third
molecule, e.g., by orientation of all eight phenoxy groups away
from the n—7m contact surfaces in the case of PBI 1. As a
consequence, the dimer unit has to be rearranged or another
dimer with a different geometry has to be formed before
association of a third and fourth molecule can take place on the
other side of the s-scaffolds. This structure is less favorable than
the optimized dimer but can act as seed for the growth of larger
aggregates. Whenever the difference in free energy between

dx.doi.org/10.1021/ja409597x | J. Am. Chem. Soc. 2013, 135, 18722—18725



Journal of the American Chemical Society

Communication

these two dimers becomes significant, the situation is related to
the one described here, and the proposed aggregation scheme
as well as our mathematical treatment should be applicable. For
instance, for PIC molecules, Scheibe described 75 years ago the
formation of dimers with distinct optical properties before J-
aggregates are formed at higher concentration.

In summary, we observed two aggregation pathways for
PBI 1, leading to different sizes and mutual arrangements of the
building blocks. At intermediate concentrations and temper-
atures, a compact sandwich-type dimer species with H-type
excitonic character, in particular with aggregation-induced
quenching behavior, dominates which cannot grow into
extended aggregates. Growth into larger aggregates with J-
type excitonic character and enhanced fluorescence is, however,
possible from a less favored dimer nucleus and experimentally
observed at high concentrations (and/or lower temperatures).
Based on a newly derived aggregation model, the observed
concentration and temperature dependences could be
described quantitatively. Therefore, this study contributes to
the understanding of pathway-dependent self-assembly pro-
cesses> > and aggregate structure—fluorescence relation-
ships,”® which are both very active fields of current research.
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