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Abstract: A strategy to engineer the stacking of
diketopyrrolopyrrole (DPP) dyes based on non-statisti-
cal metallosupramolecular self-assembly is introduced.
For this, the DPP backbone is equipped with nitrogen-
based donors that allow for different discrete assemblies
to be formed upon the addition of Pd(II), distinguished
by the number of n-stacked chromophores. A Pd,L,
three-ring, a heteroleptic Pd,L,L’, ravel composed of
two crossing DPPs (flanked by two carbazoles), and two
unprecedented self-penetrated motifs (a Pd,L; triple and
a Pd,L, quadruple stack), were obtained and systemati-
cally investigated. With increasing counts of stacked
chromophores, UV/Vis absorptions red-shift and emis-
sion intensities decrease, except for compound Pd,L,L,,
which stands out with an exceptional photoluminescence
quantum yield of 51 %. This is extraordinary for open-
shell metal containing assemblies and explainable by an
intra-assembly FRET process. The modular design and
synthesis of soluble multi-chromophore building blocks
offers the potential for the preparation of nanodevices
and materials with applications in sensing, photo-redox
catalysis and optics. )

N

Introduction

The precise molecular engineering of dye-based assemblies
with control over the spatial co-arrangement of chromo-
phores is a promising approach towards tailormade optical

materials.!!. Understanding and adjusting intermolecular
effects between neighboring chromophores in such aggre-
gates is crucial for the development of functional nano-
architectures for application in fields such as solar energy
harvesting and transfer, charge separation, optoelectronics
and photo-redox catalysis. The rational implementation of
specific photophysical processes such as FRET pathways,
aggregation-induced emission and non-linear effects into
engineered materials requires control over the spatial place-
ment and mutual orientation of interacting chromophores.
Nature masters the precise arrangement of hundreds of
photofunctional units, chlorophylls and carotinoids, in its
light-harvesting photosynthetic machinery.” From a syn-
thetic side, a variety of different strategies has been
developed during the past decades to mimic this high degree
of spatial chromophore organization. Besides crystal
engineering,*" the design of liquid crystalline phases and
supramolecular polymers allowing to arrange chromophores
in determined patterns has made significant progress.F”
While such dye-based condensed phases have found entry
into many applications, from organic photovoltaic films over
OLED:s to laser materials,® there are areas where discrete
and soluble multi-chromophore stacks are beneficial, either
because applications are carried out in homogeneous
solution (e.g. in photo-redox catalysis), single entities are
immobilized on functional surfaces (e.g. in sensor devices
with optical readout) or the solvent-based delivery of
molecular building blocks enables new dimensions in
material processing (e.g. hierarchically structured composite
films)."""¥ For example, DNA scaffolds can organize multi-
perylene semiconductor architectures!™ and water-soluble,
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dye-decorated nanoparticles are employed in immunodiag-
nostics and bioimaging."¥ While covalent organic synthesis
is frequently applied to realize discrete multi-chromophore
systems* " supramolecular assembly strategies avoid
lengthy syntheses but allow for modular generation of
discrete composites.*?! In this respect, molecular tweezers
stabilize dye aggregates in nanoscopic clefts,”? and cucurbit-
[10]urils incorporate benzothiadiazole trimers with tunable
multicolor fluorescence.™

Recently, coordination-driven self-assembly excels over
other approaches to realize discrete stacks of aromatic
systems under precise control over number and arrangement
of components in homo- and heteromeric aggregates.” !
Examples include Fujita’s “molecular flasks” for combining
electron-donating coronenes and -accepting triazines®! and
Jin’s alternating stacks of pyrenes and naphthalenes in a
metallosupramolecular framework.? Liitzen et al. created a
unique Pd,L,@Pd,l; “cage-in-ring” assembly consisting of
12 BODIPY chromophores® and we assembled Pd,L, cages
from a series of coal-tar dyes such as methylene blue and
rhodamine.?"

Among the “blockbuster” organic chromophores with
widespread application, the red diketopyrrolopyrrole (DPP)
dyes stand out owing to their low molecular weight, simple
synthetic derivatization and exceptional thermal and photo-
stability. They show a strong tendency to form m-aggregates
(Figure 1A), have an electron-accepting character and high
fluorescence quantum yields.”'¥) DPP derivatives have
been widely used as high-performance pigments (e.g. in
plastics, inks, paints and red Ferrari cars), in fluorescent
sensors, field-effect transistors and photovoltaic cells.”**!
Relative orientation and interaction between neighboring
chromophores control absorption and emission properties
and the fate of electronically excited states.*”*”! Hence,
finding ways to rationally control the stacking of DPP dyes

5
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Figure 1. (A) Infinite stack of DPP dyes in a typical pigment’s solid-
state structure.” (B) DPP-based ligands LQ, L3 and L4 equipped with
nitrogen-based donor groups. (C) Coordination of the DPP-based
ligands to Pd(ll) cations yields discrete structures characterized by an
increasing number of stacked chromophores, namely a Pd;(L4), ring, a
heteroleptic doubly bridged Pd,(LC),(LQ), as well as homoleptic singly
Pd,(LQ);(Solvent), and a doubly bridged figure-eight Pd,(L3), ravel.
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bears potential to develop new materials with tailored
properties.

In this direction, we here report a coordination-driven
self-assembly strategy for the precise engineering of DPP
chromophore stacks by incorporating the dye core into three
bis-monodentate ligands, featuring different bonding vec-
tors, that coordinate to square-planar Pd(II) cations. We
employ “coordination sphere engineering” (CSE), allowing
to control heteroleptic assembly through steric congestion
close to the metal sites, and “shape complementary
assembly” (SCA), enabling the integrative combination of
building blocks with matching geometry, to engineer a series
of unique DPP-based compounds.”*? Four motifs with an
increasing count of stacked chromophores (no stacking,
stacks of two, three, or four DPPs) were obtained, structur-
ally characterized and their optical properties studied (Fig-
ure 1B, C). The latter two, a singly and a doubly bridged
Figure-eight ravel, embody homoleptic Pd(II)-based assem-
bly motifs that have never been reported before.

Results and Discussion

The facile derivatization of the DPP moiety allows for
multiple designs in which two N-donor groups can be
attached to form bis-monodentate ligands. Depending on
the substitution position and orientation, different angles
between the bonding vectors can be achieved, leading to
defined self-assembled structures of different shape and size
upon addition of square-planar Pd(II) cations." Here, DPP
units were incorporated into bis-monodentate ligands L3, L4
and LQ. Ligands L4 and L3 are isomers that only differ in
the pyridines’ nitrogen positions (para for L4 and meta for
L3). This difference leads to outward pointing bonding
vectors for L4 and inward pointing ones for L3. Ligand LQ
adopts a much more linear structure and is equipped with
two isoquinoline donors which are attached to the para
position of the phenyl rings protruding from the DPP core.
This leads to a bis-monodentate ligand with a strongly
inward pointing donor orientation.

Ligands L4, L3 and LQ were all synthetized following a
similar three-step process. Starting from succinic acid
diisopropyl ester and the properly substituted nitriles (3-,
and 4-bromobenzonitrile), the core structures of the chro-
mophores were obtained. The solubility of the compounds
was improved by N-alkylation to hinder their H-bonding
ability. Lastly, the ligands were obtained by Suzuki-Miyaura
cross-coupling with 4- and 3-pyridine-boronic acid 1,3-
propanediol ester or 8-isoquinoline-boronic acid, respec-
tively. When L4 is mixed in a 2:1 ratio with [Pd(CH;CN),]-
(BF,), in CD;CN and heated at 70°C for 30 min, it forms a
mixture of differently sized rings, with the most prominent
species being a triangular [Pd;(L4)s](BF,)s structure (Fig-
ure 2A). In its 'H NMR spectra (Figure S15), a typical
downfield shift can be observed, indicating coordination of
the pyridines to the Pd(II) cations, with the shift being larger
the closer the corresponding protons are located to the
coordination centers. The spectrum shows two sets of
signals, each for one distinct Pd-based structure, with an
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Figure 2. (A) Self-assembly of ligand L4 with Pd(ll) cations. The major
product is the ring [Pd;(L4)¢](BF,)s, minor components are assemblies
[Pd,(L4)s](BF4)s and [Pdg(L4)1,](BF,)q,. (B) X-ray crystal structure of ring
[Pd;(L4)¢](BF4)¢ with the shortest distance between neighboring DPP
units indicated. Alkyl chains and counterions are omitted for clarity.

integration ratio of 1:5. High resolution electrospray ioniza-
tion mass spectrometry (HR-ESI-MS) reveals the [Pds-
(L4)](BF,), stoichiometry as major component while minor
amounts of [Pd,(L4)s](BF,)s and [Pd¢(L4),,](BF,),, species
could also be detected (Figure S20). By slow diffusion of
diethyl ether into the acetonitrile solution, orange crystals
were obtained, suitable for synchrotron X-ray diffraction.
The structure is shown in Figure 2B and confirms a three-
membered ring [Pd;(L4),](BF,),. While packing analysis of
the solid-state structure reveals linear inter-assembly n-
stacking of the DPP backbones along an arrangement of
nested rings (Figure S53), no n-stacking is possible within
the individual rings in solution, given the shortest backbone-
to-backbone distance being about 9 A (Figure 2B).

Next, we aimed at a system that allowed for stacking of
exactly two DPP dyes. Therefore, our design was based on a
strategy previously reported by our group where bis-
isoquinoline ligands were shown to form self-penetrating
heteroleptic Pd,L,1.’, assemblies when combined with a
second ligand.” Here, we mixed DPP ligand LQ, featuring
inward pointing donors, with carbazole-based bis-pyridine
ligand LC in a 1:1 ratio and added stoichiometric amounts
of [Pd(CH;CN),|(BF,),. Indeed, a single heteroleptic cage
product of [Pd,(LQ),(LC),](BF,), stoichiometry was ob-
tained as confirmed by NMR, MS and a crystal structure
analysis (Figure 3A—D). The 'H NMR spectrum of this
assembly (Figure 3D) shows one set of signals equally
integrating for each ligand which does neither correspond to
free ligands nor to the corresponding homoleptic assemblies
(see Figure S24 in the Supporting Information). Signals for
phenylene linker protons g and h (Figure 3D) both split
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two-fold because ring rotation is hindered and inward and
outward pointing hydrogen substituents are distinguished by
different chemical environments. Two distinct crystal forms
were grown in the same vial by slow vapor diffusion of
methyl rert-butyl ether into the solution of [Pd,(LQ),(LC),]-
(BF,), in acetonitrile at room temperature. One of which
were needle-shaped crystals that solved in triclinic space
group P1 with eight cages in the asymmetric unit, the other,
with block-shaped crystals, solved in orthorhombic space
group Pbcn with half a cage in the asymmetric unit. One
water molecule was found in each of the cage’s two small
cavities near the Pd sites, modelled with hydrogen bonds to
the close-by (2.8-3.0 A) carbonyl function of the DPP dyes.
Both crystal structures show how the two longer ligands LQ
cross through the assembly’s center from opposite faces,
with ligands LC bridging the two Pd(II) cations from the
outside, to form a trans-[Pd,(anti-LQ),(LC),](BF,), arrange-
ment. Compared to our previously reported assembly
Pd,L,L’, of equal topology,” found locked in a distorted,
C,-symmetrical conformation, the here obtained structure is
of higher symmetry (D,) with planar chirality owing to the
crosswise arrangement of the two n-stacked DPP backbones.
Both polymorphs crystallize in a centrosymmetric space
group with the two cage enantiomers equally contained.

Having achieved stacking of two backbones in this way,
we then further exploited the high tendency of DPP units to
n-stack to construct an assembly containing three stacked
DPP chromophores. Therefore, LQ alone was combined
with Pd(II) cations in a 3:2 ratio, leading to a structure
where only three of the bis-monodentate isoquinoline
ligands are coordinating the two metal centers, as confirmed
by ESI mass spectrometry (Figure 3F). The fourth coordina-
tion site on each of the square-planar palladium cations was
found to be occupied by a solvent molecule (or halide
ligand). Reason for the formation of this highly unsym-
metrical assembly is the large steric demand of the isoquino-
line donors around the Pd(II) centers which, in line with our
previous observations on comparable systems,’*! leads to
the formation of a [Pd,(LQ);(CH;CN),](BF,), system, even
if this violates the “principle of maximum site occupancy”.”™
The '"H NMR spectrum recorded in CD;CN shows that all
ligand signals split into three equally integrating sets (Fig-
ure 3G). For other Pd,L;X, structures (X=solvent or
halide), characterized by us before as “bowl structures” >
signals split into two sets of 2:1 integral ratio because two
oppositely arranged ligands experience an identical chemical
environment while the third one in the middle is in a
different environment. Here, the most reasonable explan-
ation for the threefold splitting is the strong tendency of this
ligand to form a self-penetrated, n-stacked arrangement
equal to what is observed in the X-ray structure of [Pd,-
(LQ),(LC),](BF,),, with a further ligand LQ adding to the
stack from only one side. This decreases the symmetry of
the overall structure as schematically depicted in Figure 3E
to point group C, with the twofold axis going through the
middle of the n-stack. A DFT model of [Pd,(LQ);(Cl),]*" is
shown in Figure 3H.

Lastly, a structure containing an array of four stacked
DPP moieties could be obtained employing ligand L3. L3
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Figure 3. (A) Self-assembly of ligand LQ with LC in the presence of a stoichiometric amount of Pd(ll) into heteroleptic cage [Pd,(LQ),(LC),](BF,),.
(B) X-ray crystal structure of [Pd,(LQ),(LC),] (BF,)4 with the distance between the two DPP backbones indicated. Alkyl chains and counterions are
omitted for clarity. N-CH, moieties of the DPP backbones are colored differently to highlight relative orientation in space. (C) ESI-MS spectrum of
[Pd,(LQ),(LC),+nBF,]“ " with n=0-2 (meas. and calc. isotope patterns of [Pd,(LQ),(LC),]'" shown as inset). (D) Enlargement of the aromatic
region of the '"H NMR spectrum of [Pd,(LQ),(LC),] in CD;CN. (E) Self-assembly of LQ with 0.67 equiv. of Pd(ll) cations into [Pd,(LQ);(CH;CN),]-
(BF4)4- (F) ESI-MS spectrum of [Pd,(LQ);(CH;CN),+nF]* ™" with n=0-2 (meas. and calc. isotope patterns for [Pd,(LQ);(CH;CN),]** shown as
inset). (G) Enlarged aromatic region of the '"H NMR spectrum of [Pd,(LQ);(CH;CN),](BF,), in CD;CN. (H) DFT (B3LYP/LanL2DZ) calculated
structure of [Pd,(LQ);(Cl),]** with the distances between the DPP backbones indicated.

differs from ligand L4 in the position of the nitrogen atoms
of the pyridine donors, rendering the angle between the
bonding vectors much narrower than in L4. When ligand L3
is mixed with 0.5 equiv. of [Pd(CH;CN),](BF,),, a peculiar
combination of a '"H NMR spectrum (Figure 4C) and HR-
ESI mass spectrum (Figure 4D) is observed. While the latter
clearly indicates formation of a dinuclear [Pd,(L3),](BF,),
species, pointing to the wusual lantern-shaped cage
motif 7% the 'TH NMR spectrum features splitting of all
signals into two sets with equal integration. This observation
suggested the formation of an uncommon structural motif in
which two different chemical environments for the ligands
can be distinguished. Indeed, the solid-state X-ray structure
revealed again formation of a self-penetrated Pd,L, top-
ology, this time of homoleptic nature, with two inner ligands
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crossing the assembly’s center. The structure, chiral and
belonging to point group D,, is formed as racemic mixture.
Consequently, signal splitting for the diastereotopic -CH,-
protons Hi is observed (see NMR spectrum in Figure S38).
The overall structure is dominated by the n-stacking of the
four ligand DPP backbones, which are facing each other in
an orientation rotated by roughly 90° from one to the next
backbone.

In Figure 5A, all four obtained structures with increasing
number of stacked dyes are lined up for comparison.
Concerning the question, whether the stepwise increase of
the number of interacting DPP cores is reflected in the
compound’s photophysical properties, absorption and emis-
sion spectra of the assemblies were recorded (Figure 5C-D).
Indeed, the data revealed significant changes depending on
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Figure 4. (A) Self-assembly of ligand L3 with 0.5 equiv. of Pd(ll) cations
to give [Pd,(L3),](BF,)4 (B) Different views of the X-ray crystal structure
of [Pd,(L3),](BF,), with the distances between the DPP backbones
indicated. Alkyl chains and counterions are omitted for clarity. (C)
Enlargement of the aromatic region of the '"H NMR spectra in CD,CN
of L3 and corresponding Pd-based assembly [Pd,(L3),](BF,).. (D) ESI-
MS spectrum of [Pd,(L3),+ nBF,]“ ™" with n=0-2. The observed and
calculated isotopic patterns of [Pd,(L3),]'" are shown in the inset.

the number of directly interacting dyes in the discrete
structures. More precisely, the higher the number of stacked
chromophores, the more bathochromically shifted are both
absorption and emission and the more quenched is the
emission. This stacking-mediated bathochromic shift in the
photoluminescence is commonly attributed to the interplay
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of the short- and long-range couplings between identical
chromophores. Increasing the stacking will lead to a splitting
of the excited state energy levels and further exciton-
vibronic coupling. As a consequence, the emission will be of
lower energy, with multiple vibronic overtones broadening
the spectra and allow for additional non-radiative relaxation
pathways."! This is indeed already visible to the naked eye
(see pictures of the corresponding vials in Figure 5B).
Table 1 reports the measured photoluminescence quantum
efficiencies (PLQE) for all systems. While the values
support the general tendency of increasing emission quench-
ing with growing number of stacked dyes, we observed a
notable exception for heteroleptic compound [Pd,(LQ),-
(LC),](BF,), whose PLQE is with 51 % much higher than
expected. To gain further insight, time-resolved photolumi-
nescence spectra (Figures S48-52, 1kHz repetition rate,
100 fs long 400 nm excitation pulses, 5uJcm™) of the
assemblies were compared to those of the respective ligands.
Three-membered ring [Pd;(L4)s](BF,)s shows a red-shifted
emission compared to free L4. Moreover, ligand L4 shows a
much longer-lived emission compared to the assembly. On
the other hand, [Pd,(LQ),(LC),](BF,), has almost no shift in
the emission compared to free LQ but here the complex
features a longer emission lifetime than the ligand. This,
together with the very high PLQE of [Pd,(LQ),(LC),](BF,),,
suggests a strong communication between the two contained
chromophores, carbazole and DPP, which points to an intra-
assembly excitation transfer processes from LC to LQ upon
irradiation, which also appears reasonable in view of the
strong overlap between the emission band of LC (A.,=
394 nm) and the absorption band of LQ (A,,=474 nm).
Next in the series, the emission of [Pd,(LQ);(CH;CN),]-
(BF,), was found to be highly quenched and red-shifted with
respect to the emission of LQ (30 nm), which could be
indicative of coupling of chromophores or the formation of
charge transfer states. In this case, the decay of the emission
is again very fast, much faster than for the ligand. The
absorption spectrum of [Pd,(L3),](BF,), is characterized by
the observation of two bands, both strongly quenched. The
longer wavelength emission is pronouncedly red-shifted as
compared to L3 (40 nm). Again, both effects point to an
electronic coupling of the stacked chromophores or the
formation of charge transfer states. Also in this case, the

Table 1: Photoluminescence quantum efficiencies (PLQE) for ravels
and ligands.”!

Composition PQLE(%)" Xem A\
[Pds (L4) ] (BF )6 21.0+1.6 543nm 10 nm
[Pd, (LQ),(LC),] (BF.)4 513+1.7 551nm  Onm
[Pdy(LQ); (CH,CN),](BF.),  3.0+0.4 583nm 30 nm
[Pd,(L3)] (BF.). 0724007  573nm 40 nm
L4 94.1+0.4 533 nm -

L3 929+1.5 533 nm -

LQ 96.1+1.7 551 nm -

[a] Upon CW excitation at 405 nm at an irradiance of 3 mWcm™2 Al
indicates the shift in emission from the free ligand to the
corresponding assemblies.
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Figure 5. (A) Comparison of the structures of Pd;(L4), (X-ray), Pd,-
(LQ),(LC); (X-ray), [Pd;(LQ)s(CI); (DFT) and Pd; (L3), (X-ray) with
DPPs highlighted by thicker sticks. (B) Photos of assemblies under
ambient (left) and UV light (right). (C) Absorption spectra of the four
assemblies in CH;CN normalized for a chromophore concentration of
0.35 mM. (D) Normalized emission spectra of the four assemblies in
CH;CN (A,,=470 nm). Emission maxima of ligands L4/3 and LQ
indicated to visualize the bathochromic shift, especially for Pd,(LQ)s-
(CH,CN), and Pd,(L3),.

decay of the emission is very fast, much faster than for the
ligand.

Conclusion

Recent progress in non-statistical assembly strategies to-
wards (multi)functional metal-mediated compounds were
employed to obtain a series of diketopyrrolopyrrole-based
discrete and soluble architectures showing tunable absorp-
tion and photoluminescence properties. By combining
“coordination sphere engineering” (CSE) and “shape com-
plementary assembly” (SCA) on combinations of different
bis-monodentate N-donor ligands, we were able to precisely
engineer the formation of chromophore stacks with up to
four interacting DPPs in dilute solution. Four new com-
pounds, two of which represent never reported homoligand
metallosupramolecular motifs (a C,-symmetric [Pd,(LQ)s-
(CH;CN),](BF,), “self-penetrated bowl” and a D,-symmet-
ric [Pd,(L3),](BF,), “self-penetrated ravel”) were structur-
ally and photophysically characterized. Changes in the
optical properties could be related to the number of dyes
stacked in the structures. While absorption band shifts and
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emission quantum yields follow general trends from none to
four stacked dyes, compound [Pd,(LQ),(LC),](BF,), was
found to show an exceptionally strong emission, in particular
for a Pd(II)-based structure, suggesting the occurrence of an
excitation transfer processes in the heteroleptic assembly.
The tailored and high-yielding assembly of prominent
chromophores into soluble multi-dye entities promises to
find application in photo-redox chemistry, optical nano
devices and materials, operating in or casted from homoge-
neous solution phases. Furthermore, gaining precise control
over the combination of a low number of interacting
chromophores will allow to study photophysical processes in
defined multi-dye systems that are difficult to address in
extended materials or ill-defined polydisperse aggregate
mixtures.

Supporting Information

All data supporting the findings of this study are available
within this article and supplemental information files. The
accession numbers for the crystallographic data reported in
this paper are CCDC: 2168202, 2168203, 2168204, 2168205,
2168206. Copies of these data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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