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Abstract: A bis(squaraine) dye equipped with alkyl and
oligoethyleneglycol chains was synthesized by connecting two
dicyanomethylene substituted squaraine dyes with a phenylene
spacer unit. The aggregation behavior of this bis(squaraine)
was investigated in non-polar toluene/tetrachloroethane (98:2)
solvent mixture, which revealed competing cooperative self-
assembly pathways into two supramolecular polymorphs with
entirely different packing structures and UV/Vis/NIR absorp-
tion properties. The self-assembly pathway can be controlled
by the cooling rate from a heated solution of the monomers.
For both polymorphs, quasi-equilibrium conditions between
monomers and the respective aggregates can be established to
derive thermodynamic parameters and insights into the self-
assembly mechanisms. AFM measurements revealed a nano-
sheet structure with a height of 2 nm for the thermodynamically
more stable polymorph and a tubular nanorod structure with
a helical pitch of 13 nm and a diameter of 5nm for the
kinetically favored polymorph. Together with wide angle X-ray
scattering measurements, packing models were derived: the
thermodynamic polymorph consists of brick-work type nano-
sheets that exhibit red-shifted absorption bands as typical for J-
aggregates, while the nanorod polymorph consists of eight
supramolecular polymer strands of the bis(squaraine) inter-
twined to form a chimney-type tubular structure. The absorp-
tion of this aggregate covers a large spectral range from 550 to
875 nm, which cannot be rationalized by the conventional
exciton theory. By applying the Essential States Model and
considering intermolecular charge transfer, the aggregate
spectrum was adequately reproduced, revealing that the broad
absorption spectrum is due to pronounced donor-acceptor
overlap within the bis(squaraine) nanorods. The latter is also
responsible for the pronounced bathochromic shift observed
for the nanosheet structure as a result of the slip-stacked
arranged squaraine chromophores.

Introduction

Dye aggregates and color pigments provide the most
striking examples for the emergence of new properties
originating from intermolecular electronic couplings between
molecular building blocks as a function of their supramolec-
ular organization.!"! This interrelation is most evident for
polymorphic states of a particular molecule, i.e., aggregates or
solid state materials assembled by the same molecule in
different packing arrangements. Whilst polymorphism in dye
aggregates is still a rather new and accordingly less explored
phenomenon, there is a long history of polymorphism in color
pigments. Indeed, many of the commercially important
colorants utilized as color pigments exist in different poly-
morphic forms with sometimes striking differences in color,
shade, lightfastness, weather-fastness, dispersability, etc.”!
This is impressively highlighted by the most important
industrial color pigment copper phthalocyanine (CuPc) for
which meanwhile ten polymorphs have been identified. The
most useful ones are the greenish blue -form, which provide
a perfect cyan shade for color printing applications, the
reddish blue o-form used primarily in paints and the most
reddish e-form used in paints and blue color filters in LC
displays.”] Unsurprisingly, the performance of thin film
transistors based on CuPc are also highly dependent on the
packing arrangement accomplished by the respective proc-
essing conditions and the choice of the substrate.”! Accord-
ingly, CuPc pigments provide a perfect example how packing
arrangements determine functional properties.

Compared to the mature field of color pigments, studies
on polymorphism in dye aggregates are at the infant stage.
Firstly, because the number of examples for polymorphic dye
aggregates is still rather limited.”® Secondly, because the
packing arrangements in dye aggregates cannot be deter-
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mined unambiguously like for their crystalline counterparts
by single crystal X-ray crystallography and therefore corre-
lations between structural and functional properties remain
often rather speculative. Presumably the most profound
studies in this regard exist for the class of perylene bisimide
dye aggregates for which the impact of long-range Coulomb
and charge transfer-mediated short-range coupling has been
elaborated in depth and with this knowledge, packing
arrangements could be deduced based on UV/Vis absorption
spectra.”

This situation is, however, entirely different for squaraine
dyes that constitute a most interesting class of dyes with
regard to applications as they can provide cyanine-like
intense and narrow absorption in the red part of the visible
light spectrum along with strong fluorescence.™! Furthermore,
they show applicability as histological probes and in bioimag-
ing,” excellent p-type semiconductivity in organic thin-film
transistors'” or solar cells,"! giant circular dichroism in thin
films,"” as well as a plethora of sensing applications in
supramolecular host-guest systems.'>) However, despite of
this broad variety of applications, self-assembly of squaraines
into dye aggregates remains less explored™! and the relation-
ship between packing structure and functional properties is
often rather promiscuous for squaraine aggregates. Indeed,
only most recently Spano and co-workers could unveil the
origin of quite unusual absorption spectra of these dyes in thin
films that strongly deviated from the expectations based on
the common J- and H-aggregate molecular exciton model.l'”!

Motivated by previous success in the non-covalent syn-
thesis of structurally defined rod- and fiber-like dye aggre-
gates by the self-assembly of suitably tethered bis-chromo-
phores,[' we recently initiated a research program to explore
the supramolecular polymerization of bis(squaraine) dyes
BisSQ1 and BisSQ2, in which two dicyanomethylene squar-
aine chromophores are covalently linked either directly or via
a phenylene spacer unit, respectively (Schemel). Aliphatic
and hydrophilic side chains were attached to enhance micro-
phase segregation. Interestingly, whilst BisSQ1 self-assembly
afforded only one type of dye aggregate that consists of
a nanosheet structure with slip-stacked packing arrangement
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Scheme 1. Chemical structure of reference squaraine SQ1 and
bis(squaraine) dyes BisSQ1"” and BisSQ2 with graphical illustration of
the orientation of the permanent and transition dipole moments,
indicated by purple and orange arrow, respectively.
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of the dyes and concomitant J-type exciton coupling,"” our in-
depth UV/Vis/NIR spectroscopic analysis of BisSQ2 reveals
the formation of two dye aggregate polymorphs with entirely
different morphologies, i.e., nanorod and nanosheet, as well
as optical properties, i.e., panchromatic and red-shifted
absorption bands, respectively. Based on a combined effort
by experimental work (microscopy and X-ray scattering) and
theoretical calculations, we were able to derive reliable
packing models for both polymorphs and to establish
structure-function relationships. Most importantly, whilst
the coloristic properties of the red-shifted nanosheet aggre-
gate polymorph can be explained by the conventional
molecular exciton model,” the panchromatic absorption
spectrum for the tubular polymorph requires a more sophis-
ticated treatment by the Essential States Model™” taking into
account intermolecular charge transfer interactions arising
from the donor-acceptor overlap between the chromophores
in the aggregated state.

Results and Discussion
Synthesis and molecular properties

BisSQ2 was synthesized following the route shown in
Scheme 2. Suzuki coupling reaction of compound 17 with
1,4-benzenediboronic acid bis(pinacol) ester (2) afforded the
target bis(squaraine) BisSQ2. The crude product was purified
by recycling gel permeation chromatography (GPC) to give
the pure BisSQ2 in a yield of 23 %. For details on the synthetic
procedures and characterizations of all new compounds, see
the SL.

The absorption band of monomeric BisSQ2 is broader and
slightly red shifted (4,,,, = 726 nm in CHCl,, Figure Slc, green
line) in comparison with the one of SQ1 (4, =703 nm),
which is attributable to the conformational flexibility due to
the rotation around the phenyl-phenyl bonds in the spacer
unit. Hence, various mutual arrangements of the chromo-
phores exist in solution, which in turn leads to different
electronic interactions, and thus a broadening of the absorp-
tion band.”” Like that of SQI, fluorescence spectrum of
BisSQ2 exhibits a small Stokes shift (260 cm ') and a mirror
image behavior with its absorption spectrum (Figure S2b).
However, a significant decrease in the fluorescence quantum
yield to 42 % and a reduced fluorescence lifetime of 3.01 ns in
comparison to SQ1 (79% and 4.78 ns, respectively) are
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Scheme 2. Synthesis of bis(squaraine) BisSQ2.
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observed. Our analysis of radiative (k) and non-radiative
(k,:) decay constants suggests a more effective non-radiative
decay originating from the conformational flexibility in
BisSQ2 (Table S1). It is noteworthy that the excitation
spectrum of BisSQ2 resembles the absorption spectrum
(Figure S2b), which indicates that the various emissive states
resulting from the different conformations are close in energy.

Self-assembly into supramolecular polymers

In order to trigger intermolecular aggregation driven by
dispersion and dipolar interactions, solvents with low polarity
are required.”!! Therefore, we have performed aggregation
studies for BisSQ2 in a solvent mixture of toluene/1,1,2,2-
tetrachloroethane (TCE)=98:2 (v/v). TCE was used as an
additive to increase the solubility of BisSQ2 in order to cover
a broad concentration range. The sample solution was
prepared by dissolving BisSQ2 in TCE first and then diluting
with toluene. After heating the as-prepared solution (toluene/
TCE 98:2, ¢ =2.5x107° M) to 85 °C for 20 minutes to achieve
a fully monomeric state (Figure 1, gray dashed curve) and
cooling it down to 25°C, different spectral features are
observed depending on the cooling rate. Rapid cooling, i.e.,
transferring the hot solution immediately into a pre-cooled
chamber at 25°C, leads to the formation of a broad band
feature with absorption maxima at 605, 737, and 783 nm
(Figure 1, blue curve); hereafter, this aggregate is denoted as
BisSQ2-Aggl. In contrast, slow cooling (cooling rate=
2°Cmin"") apparently resulted in a different outcome as
suggested by the formation of precipitates. To disperse the
precipitates, we applied sonication and measured its absorp-
tion spectrum: a bathochromically shifted sharp absorption
band (A =780 nm, FWHM =420 cm ') with respect to the
monomeric state (4, =739 nm) was observed (Figure 1, red
curve). This result indicates the formation of J-type aggre-
gates, which we refer to as BisSQ2-Aggll. We note that
a similar spectrum was observed for a solution before the
sonication, although absorbance was smaller because of the
precipitation (Figure S5b, blue curve). Thus, we infer that the
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Figure 1. UV/Vis/NIR spectra of a solution of BisSQ2 (c=2.5x10"° M,
toluene/TCE 98:2) at 85°C (gray) and those at 25°C obtained upon
rapid cooling (blue: Aggl) and slow cooling (red: Aggll). Because
precipitation happened during the sample preparation by slow cooling,
ultra-sonication was applied for 20 minutes to the solution to disperse
the precipitate prior to the measurement.
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applied sonication does not lead to dissociation or a new
aggregate species."** The distinct absorption spectra in-
dicates that a supramolecular polymorphism occurs depend-
ing on the cooling rate.

Structural insights and packing model

To gain deeper insight into the structural features of the
BisSQ2 aggregates, atomic force microscopy (AFM) meas-
urements were performed. A solution of BisSQ2-Aggl in
toluene/TCE (98:2, v/v) with a concentration of 2.5x 107> M
was spin-coated onto a silica wafer (SiO,); we observed stiff
helical rod-like aggregates with lengths up to 1.5 um, a well-
defined diameter of 5.0 0.2 nm, and both left- (M) as well as
right- (P) handedness (Figure 2a—c). The helical pitch was
measured to be 13 +1 nm (Figure 2d). These results suggest
the presence of a complex internal structure consisting of
multiple BisSQ2 units to form the nanorods.*
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Figure 2. a) Height (Z scale=12 nm) and b) phase AFM images of
BisSQ2-Aggl; inset: the cross-section analysis from yellow dashed line
in image (a). c) Height (Z scale=10 nm) AFM image of BisSQ2-Aggl.
d) Cross-section analyses from the yellow dashed lines 1-1" and 2-2" in
image (c). e) Height AFM image of BisSQ2-Aggll; inset: the cross-
section analysis from yellow dashed line in image (e). f) Height AFM
image of BisSQ2-Aggll (solution sonicated for 30 s). Z scale is 8 nm
for both (e) and (f). All samples for AFM measurements were
prepared by spin-coating of toluene/TCE 98:2 solutions of BisSQ2
(¢=2.5x10"° M) on SiO, with 2000 rpm.
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Interestingly, BisSQ2-AgglI showed a significantly differ-
ent morphology. Multi-layers of two-dimensional sheet-like
structures with height of 2.1 £+ 0.2 nm and widths up to 1 um
are observed (Figure 2¢). Such large-sized aggregates are in
line with the observation of the precipitation. We have also
performed AFM studies on the BisSQ2-Aggll solution that
was treated by ultra-sonication for 30 seconds. Similar sheet-
like structures are visible on the substrate (Figure 2f),
corroborating that sonication can fragment the precipitates
into small pieces and disperse them in solution but does not
change the aggregation mode of BisSQ2.

To gain further information about the aggregate structure,
X-ray scattering techniques were applied. A thick film was
prepared on aluminum foil by slow evaporation of a concen-
trated solution of BisSQ2-Aggl (5gL™' in toluene/TCE =
98:2). Figure 3a depicts the wide and small angle X-ray
scattering (WAXS and SAXS) diagram of the film. The
diffuse halo in the wide-angle region corresponds to the
liquid-like disordered structure of the surrounding alkyl
chains. The observed peaks indicate a hexagonal columnar
arrangement of rods in the solid state with an intercolumnar
distance of 6.22 nm, which is in good agreement with the rod
diameter of 5nm as determined by AFM measurements
(Figure 2d). In contrast, for a thick film drop-casted from
a concentrated solution of BisSQ2-AggllI onto an aluminum
foil, the X-ray scattering diagram shows a completely differ-
ent pattern. Equidistant signals can be observed (labelled as
001-004 in Figure 3b). This hints toward a lamellar arrange-
ment with a layer distance of 2.32 nm, in accordance with the
layer thickness of 2.1 nm obtained from AFM (Figure 2e).

The experimental data obtained from AFM and WAXS
measurements enable us to derive packing models for the two
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different types of aggregates. For BisSQ2-Aggl, we propose
a nanorod structure as displayed in Figure 3¢, in which nine
BisSQ2 molecules form one turn of a helical supramolecular
polymer chain (pitch of 11 nm, highlighted in red) with
a diameter of 4 nm (Figure 3¢ and Figure S6). Assuming
a reasonable density of 1 gcm™ for soft organic materials,*!
the number of molecules per repeating unit amounts to 72
molecules (see SI). This corresponds to eight helically wound
strands that intertwine to form the tubular rod-shaped
supramolecular polymer structure presented in Figure 3c,
where each strand is colored individually. According to this
model, the aliphatic chains are closely packed inside the
nanorods (Figure 3¢ top view, green part), while the hydro-
philic OEGs point to the outside of the nanorods (blue part),
exhibiting an ideal phase segregation. An opposite orienta-
tion of the side-chains, i.e., the OEGs point to the inside and
the aliphatic side chains to the outside of the nanorod, does
not result in a reasonable structure that is consistent with the
experimental data. Similar structural arrangements, where
OEGs are found on the outer surface, were described for self-
assembled nanotubes composed of hexabenzocoronene am-
phiphiles in toluene.” Considering the side chains, the
dimensional parameters are in good accordance with the
experimental results. A closer look at the chromophores
reveals a sandwich-type arrangement with antiparallel ori-
entation of the ground state dipole moments (Figure 3¢, cut-
out comprising two chromophores colored in red). Remark-
ably, the chromophores are arranged in a slipped fashion,
where the donor parts are in close proximity to the acceptors
of the neighboring molecules.

The morphology of BisSQ2-Aggll revealed by our AFM
studies resembles the nanosheet structure observed for

()

Top view

Figure 3. WAXS measurements of a) BisSQ2-Aggl and b) BisSQ2-Aggll prepared on aluminum foils by multistep evaporation of the respective
solutions (toluene/TCE 98:2, c=5.0 gL™") and proposed packing model of (c) the tubular nanorod of self-assembled BisSQ2-Aggl; left: each
strand individually colored (side chains omitted), showing a cut-out of a helix comprising two chromophores, which shows a close spatial
proximity between donor and the acceptor of the adjacent chromophore; right: top view with hydrophilic side chains (blue) and aliphatic chains
(green); d) the nanosheet of self-assembled BisSQ2-Aggll with the chromophores colored in red, hydrophilic side chains in blue and the aliphatic
chains in green, respectively. Both models were simulated and visualized with the program suite BIOVIA Materials Studio 2017R2.
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bis(squaraine) dye BisSQ1 (Scheme 1) in our earlier work,"”
for which a slipped-stack arrangement between neighboring
chromophores was proposed. This is further supported by the
observed red-shifted absorption spectrum (Figure 1, red line),
indicating a head-to-tail arrangement of the chromophores
with J-type coupling!"® (Figure 3d and Figure S7). The alkyl
side chains (Figure 3d, green) accommodate themselves in
the hydrophobic cavities between the chromophores, while
the polar OEG chains (Figure 3d, blue) extend above and
below the sheet into the solvent. The observed height of
2.1 nm by AFM is in good agreement with the dimension of
the chromophore considering the flexibility of the side chains
(Figure S8a), suggesting the formation of a monolayer on the
substrate.

Concentration-dependent UV/Vis/NIR spectroscopy

To gain more insight into the aggregation mechanism of
BisSQ2, concentration-dependent UV/Vis/NIR studies were
carried out. A stock solution (toluene/TCE 98:2, ¢ =1.8 x
10 M) of BisSQ2-Aggl was prepared by the fast-cooling
method as mentioned above. For detailed methods for sample
preparation, see the SI.

This BisSQ2-Aggl stock solution was then diluted into
a series of samples with a concentration range of 1.8 x 10~*~
6.0x107"M and all sample solutions were equilibrated at
room temperature for 24 hours prior to the measurements. At
high concentration (¢=1.8x107*M), a broad absorption
band characteristic of BisSQ2-Aggl was observed (Figure 4a,
blue line). Upon decreasing the concentration, pronounced
spectral changes are visible, revealing dissociation of the
aggregates. At low concentration (Figure 4a, red line), the
absorption spectrum exhibits a rather sharp band at 4., =
739 nm, which resembles the monomer absorption spectrum
observed at high temperatures (see Figure 1). Notably,
isosbestic points are observed at 656 and 766 nm, indicating
an equilibrium between only two species. The abrupt change
of the apparent absorption at 739 nm (Figure S10a) at
a critical concentration of ¢y~ 4 x 10~ M indicates a cooper-
ative aggregation process.*®! Hence, we made use of the
cooperative K,/K model, where two states of the aggregation
process are differentiated: the nucleation regime, described
by the equilibrium constant K, for the dimerization, and the
elongation regime, described by the equilibrium constant
K.’ The data could be properly fitted (Figure 4a, inset) to
give a cooperativity factor o=0.016 with K=2.18x10° M
for the elongation regime, resulting in an equilibration
constant for the dimerization of K,=3.56x10°M~'. It is
noteworthy that the isodesmic (equal-K) model (0 =1.0) and
monomer-dimer model both failed to describe the aggrega-
tion process (Figure S10a). The high cooperativity suggests
that only a small number of nuclei are involved in the
equilibrium and mainly monomers and extended aggregates
are present in the solution over the whole concentration
range, which is in agreement with the appearance of the
isosbestic points in the concentration-dependent spectral
changes (Figure 4a). By applying a global fit analysis®® (for
further details, see the SI), the ideal monomer and aggregate
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Figure 4. Concentration-dependent UV/Vis/NIR spectra of BisSQ2 (a)
Aggl (c=1.8x107-6.0x10" M) and (b) Aggll (c=3.8x107°~
1.8x1077 M) in toluene/TCE 98:2 at 25°C (grey solid lines) and the
global fit analysis according to the cooperative K,/K model® (black
dashed lines) and the ideal monomer (red solid line) as well as
aggregate spectra (blue solid line) obtained by global fit analysis. The
arrows indicate the spectral changes with decreasing concentration.
Inset: plot of fractions of aggregate against Ke; and fit with the co-
operative K,/K model® (c; is the total concentration of BisSQ2
molecules in solution).

spectra were obtained, which match perfectly with the spectra
obtained for the most diluted and most concentrated sol-
utions, respectively (Figure 4 a, red and blue solid lines). The
aggregate spectrum exhibits a remarkable broad absorption
covering the whole range of 550-850 nm, edging in the NIR
region. The absorption features do not allow us to gain insight
into the chromophore arrangement in terms of a simple
classification of H- (sandwich type arrangement) and J-
aggregates (head-to-tail arrangement),'®! which will be dis-
cussed later.

For BisSQ2-Aggll, since precipitation took place after the
cooling process, we prepared a fresh BisSQ2-Aggll solution
(toluene/TCE 98:2, ¢ =3.8x 10> M) and applied ultra-soni-
cation at 25°C for 20 minutes to disperse the aggregates. The
solution was further diluted stepwise to obtain a series of
samples with different concentrations. The sample solutions
were stored overnight prior to the measurements. Upon
dilution, the aggregate band decreases accompanied by the
growth of the monomer band peaked at 739 nm witha FWHM
of 540 cm™' (Figure 4b). As in the case of BisSQ2-Aggl,
a defined isosbestic point can be observed at 754 nm,
suggesting an equilibrium between only two species.
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The results again infer a cooperative aggregation process
(Figure S10b), therefore, we applied the cooperative K,/K
model® (Figure 4b, inset) that delivered a cooperativity
factor o =0.00038 with K=6.37x10° M~ for the elongation
regime, resulting in an equilibrium constant for the dimeriza-
tion of K,=2.42x10*M ' Again, the isodesmic (equal-K)
model (o =1.0) and monomer-dimer model failed to describe
the aggregation process (Figure S10b). This result reveals
a higher cooperativity as well as a larger elongation constant
for the aggregation process of BisSQ2-AgglIl compared with
BisSQ2-Aggl (0=0.016, K=2.18 x 10° M "), suggesting that
BisSQ2-Aggll is the thermodynamically favored species. The
resulting ideal aggregate spectrum (Figure 4b, blue solid line)
obtained by global fit analysis® (for further details, see the
SI) shows a significant red-shift and sharpening compared to
the monomer spectrum (Figure 4b, red solid line). In
addition, the aggregate spectrum also shows weak side-bands
at higher energies, i.e., shorter wavelengths.

We also performed temperature-dependent UV/Vis/NIR
experiments for BisSQ2-AggllI solution (toluene/TCE 98:2,
c¢=2.5x10""M). Even though quantitative analysis of the
spectra is not possible due to precipitation, the results suggest
that heating leads to the dissociation of BisSQ2-AggIl
directly into monomers without showing absorption features
of BisSQ2-Aggl (Figure S11). Combining this observation
with our concentration-dependent kinetic analyses (Fig-
ure S13), we infer that BisSQ2-Aggl is an off-pathway species
and BisSQ2-Aggll the thermodynamically more stable ag-
gregate.””) Based on these results, we deduce the energy
landscape shown in Figure 5 that depicts the two competing
self-assembly pathways qualitatively. At high temperature
(85°C), BisSQ2 molecules remain dissociated. Upon rapid
cooling, the aggregation follows the pathway with the lowest
energy barrier (solid arrow in Figure 5) and ends up in
a kinetically trapped state: i.e., BisSQ2-Aggl. According to
the proposed model shown in Figure 3¢, the arrangement of
the side chains reveals a phase segregation that may contrib-
ute to the low energy barrier of the self-assembly process.[*"!
In contrast, during the slow cooling process, the system has
a time long enough to traverse the energy landscape and find
a more stable and well-organized aggregation mode (dotted
arrows in Figure 5): as a consequence, BisSQ2-Aggll is
formed.

Polymorphisms in supramolecular polymerization have
been observed for monomers bearing multiple non-covalent
interaction sites. Prominent examples are benzene-1,3,5-
tricarboxamide molecules (BTAs) whose regular self-assem-
bly into 1D fibersP! was transformed into 2D and 3D
morphologies by additional H-bonding interactions by shield-
ing carboxyl groups in a hydrophobic environment® or by
alteration of the alkyl chain length for porphyrin molecules,
likewise transforming the self-assembly into 1D fibers® by
increasing the lateral van der Waals forces to afford a 2D
sheet-like morphology. In this context, it is intriguing that we
observed polymorphism for BisSQ2, but not for BisSQ1
despite of the absence of specific measures as described above
for the BTAs and alkyl porphyrins.'”] Both molecules consist
of two squaraine dyes connected in the same angle. It appears
that the additional spacer between the squaraine dyes in
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Figure 5. Schematic energy landscape of the two competing pathways
for the formation of kinetically favored off-pathway BisSQ2-Aggl and
the thermodynamically more stable BisSQ2-Aggll in toluene/TCE 98:2.
Upon rapid cooling, BisSQ2-Aggl is formed and kinetically trapped.
Note that BisSQ2-Aggl has less organized structure (Figure 3), thus is
kinetically more favored. In contrast, during the slow cooling process,
BisSQ2 has a time long enough to traverse the energy landscape and
find a more stable and well-organized aggregation mode.

BisSQ2 allowed another form of folding and packing (i.e.,
BisSQ2-Aggl), which demonstrates a new strategy to realize
supramolecular polymorphism. Remarkably, as discussed
below, a hitherto unknown panchromatic absorption spec-
trum, i.e., modulation of the functional properties, was
achieved by this simple strategy.

Theoretical calculations for dye-dye interactions

Since the discovery of J-aggregates by Jelley and
Scheibe,P?! scientists were interested to understand how
supramolecular arrangements govern dye-dye interactions
and how these interactions manifest in absorption spectra and
determine functional properties. This is perfectly demon-
strated by Kasha’s molecular exciton theory that had a great
impact on research on dye aggregates and functional molec-
ular materials for more than 50 years.'"® In this regard, it is
most interesting that the absorption features of the BisSQ2-
Aggl cannot be explained for the chromophore arrangement
deduced from X-ray analysis in terms of a simple classifica-
tion of H- (sandwich type arrangement) and J-aggregates
(head-to-tail arrangement) by the molecular exciton theory.
Based on this model, we would expect a hypsochromic shift
(H-aggregate) of the main absorption peak with respect to the
monomer according to the packing model shown in Figure 3¢,
rather than a panchromatic absorption as observed for

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH  Angew. Chem. Int. Ed. 2021, 6o, 11949 —11958


http://www.angewandte.org

GDCh
~~

BisSQ2-Aggl."¥ Transitions to both the highest and lowest
excited states can be allowed in case of a rotational displace-
ment of the chromophores resulting in the appearance of
a weaker J-band in the absorption spectrum (Davydov
splitting).*®! However, this would require a large rotational
angle in our case since both bands show significant intensity
(Figure 4a, blue solid line).”™! For such a situation, however,
only small shifts are expected which is obviously not the case
for the BisSQ2-Aggl nanorods.

Hence, in order to understand the broad panchromatic
absorption spectrum of BisSQ2-Aggl nanorods and also
rationalize the bathochromic shift observed for BisSQ2-
Aggll nanosheets, we applied the Essential States Model
(ESM).™ In contrast to conventional molecular exciton
theory, this model also accounts for polarizability effects,
being crucial for the description of the optical properties of
dye aggregates comprising chromophores composed of alter-
nating donor and acceptor subunits.***! Squaraines exhibit
a significant charge transfer character arising from intra-
molecular transfer of electron density from the donor to the
acceptor moiety within the donor-acceptor-donor chromo-
phore. Thus, the squaraine chromophore is described by three
essential states: two zwitterionic states | Z;) and | Z,) bearing
a positive charge at one of the donor units and a negative
charge at the acceptor moiety, respectively, which are both
coupled to the neutral state (| N)) by the transfer integral 7,
(Figure 6a).5% The respective electronic Hamiltonian can be
written asP

mon —_

"’ZZ \Z, ><Zi|+tZZ(|N S<Z|+h.c), )

i=1,2 i=1,2

with 7, being the energy of the zwitterionic states (note that
the energy of the neutral state is set to zero) and h.c. the
Hermitian conjugate. In order to account for vibronic
coupling, as evident from the vibronic progression observed
in the UV/Vis/NIR spectrum of SQ1, we employed a Hol-
stein-type Hamiltonian (for details see the SI). Thereby, each
essential state is described by two harmonic oscillators, that is,
one for each donor-acceptor side arm. In doing so, the UV/
Vis/NIR spectrum of reference dye SQ1 is well reproduced by
our simulation (Figure S15, blue solid line) using the param-
eters shown in Table S2, which are in line with previous
studies on squaraine dyes.”™ The zwitterionic character p in
the ground state is given by equation (2).5¢

Nz

_—). 2
Norar @

In this way, we obtain a value of p=0.46 revealing an
almost equal contribution of the neutral and zwitterionic
states (note that a fully zwitterionic character results in p=1,
whereas a completely neutral state is characterized by p =0).
This explains the observation of a sharp cyanine-like absorp-
tion band with a weak vibronic side-band (Figure S15, blue
solid line and Figure Slc, black line).

Having set the parameters for the monomeric chromo-
phore, we simulated the absorption spectrum for a cut-out of
BisSQ2-Aggl nanorod comprising the two chromophores
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Figure 6. a) Three diabatic states used for the simulation of the
absorption spectrum of SQ1 monomer and BisSQ2 aggregates. The
zwitterionic states | Z;) and |Z,) are characterized by a positive and
negative charge at the donor and acceptor moiety highlighted in red
and blue, respectively. Both states are coupled to the neutral state | N)
by the transfer integral t, describing the intramolecular electron
transfer from the donor to the acceptor unit. b) Schematic representa-
tion of the intermolecular electron transfer in the double squaraine
stack of BisSQ2-Aggl in state |Z;N). Simulated absorption spectrum
of the double chromophore stack of (c) BisSQ2-Aggl and (d) BisSQ2-
Aggll taking Coulomb coupling and intermolecular charge transfer
states (ICT) into account (blue solid lines). In addition, the simulated
spectra of BisSQ2-Aggl considering only Coulomb coupling (red solid
line) is shown in panel (c). The experimental spectra of the aggregates
(black dotted lines, toluene/TCE 98:2) and the monomer (green dash-
dotted lines) are also shown for comparison. For the simulations, the
parameters listed in Table S2 were employed. The calculated spectra
(blue lines) were shifted by 200 cm™" (BisSQ2-Aggl) and —500 cm™'
(BisSQ2-Aggll).

shown in Figure 3¢ to reduce computational effort. Even
though this is a simplification, it allows us to investigate the
origin of the broad absorption spectrum of BisSQ2-Aggl.
Toward this approach, we first evaluated the influence of the
Coulomb coupling between the chromophores (for a detailed
description see the SI). Using the same parameters as for the
monomer (Table S2), the resulting absorption spectrum due
to Coulomb coupling shows a main absorption band (Fig-
ure 6¢, red solid line) with a hypsochromic shift compared to
the monomer absorption band (green dash-dotted line). This
is in agreement with a sandwich-type cofacial arrangement of
the chromophores resulting in H-type exciton coupling.'¥!
Hence, it is obvious that the broad absorption spectrum of
BisSQ2-Aggl (Figure 6¢, black dotted line) and in particular
the pronounced absorption in the NIR-region cannot be
rationalized by considering only Coulomb coupling between
the chromophores because the shift is too small and no second
J-band due to Davydov splitting is present.

However, our modelling studies reveal close spatial
proximity of the donor and acceptor groups (Figure 3c),
which suggests the importance of intermolecular charge
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transfer (ICT, Figure 6b) to describe the spectral features of
BisSQ2-Aggl ! With the additional ICT states, the exper-
imental absorption spectrum can be adequately reproduced
(Figure 6¢, blue solid line) with the parameters being in line
with previous studies for thin films of squaraine dyes™
(Table S2). We are aware that the chosen dimer unit does
not account for all interchromophoric interactions within the
aggregate, so that the calculated spectrum had to be shifted by
200cm™' to higher energies to match the experimental
spectrum. Therefore, the coupling strengths should be re-
garded as effective parameters to describe the absorption
features of the tubular BisSQ2-Aggl nanorod. However, the
band shape is well reproduced by our simulations.

Further analysis reveals that mainly two transitions are
present when vibronic coupling is neglected, causing the high
and low energy absorption band at ~620 and =~ 780 nm,
respectively (Figure S19, orange solid line). Hence, we can
attribute the additionally observed absorption band at
~730 nm to a vibronic band, which is caused by structural
changes of the chromophores in the intra- and intermolecular
charge transfer states with respect to the neutral state. In
order to elucidate the influence of the intermolecular CT
coupling strength t-r on the absorption properties, which
reflects the strength of the donor-acceptor interaction be-
tween the two chromophores, we have also calculated the
spectra for different coupling strengths. For weak coupling
(tcr=1000 cm ™), which equals a small donor-acceptor over-
lap between the chromophores, the spectrum is characterized
by one main absorption band (Figure S20, red dashed line).
However, upon increasing the coupling strength up to
3000 cm™ (note that we have used a value of fcp=
2550 cm™! to obtain best agreement with the experimental
spectrum of BisSQ2-Aggl), a two-band structure evolves with
increasing energetic separation between the two absorption
maxima (Figure S20, green and black solid line).

These results clearly show that the pronounced donor-
acceptor overlap within BisSQ2-Aggl nanorods is responsible
for the panchromatic absorption band observed in the UV/
Vis/NIR spectrum, which significantly differs from the
predictions based on conventional molecular exciton theory.

In addition, we have also simulated the absorption
spectrum of BisSQ2-Aggll, which also shows a significant
donor-acceptor overlap but now with a head-to-tail arrange-
ment of the chromophores (Figure 3d). Indeed, the simulated
spectrum (Figure 6d, blue solid line) shows a red-shift of the
main absorption band as expected for chromophores showing
J-type coupling.™™ Note that the simulated spectrum was
additionally shifted by 500 cm ' to lower energies in order to
adjust the position of the main absorption peak with the
experimental spectrum. We attribute the required correction
of the absorption maximum to the chosen system size (dimer),
so that only the interaction with one chromophore is
considered and next-neighbor couplings are neglected, which
should cause a stronger bathochromic shift. In addition, our
simulations do not account for the J-type coupling between
the two chromophores within the same BisSQ2 molecule that
causes an additional bathochromic shift (Figure Slc). Nota-
bly, when only Coulomb coupling is considered, the absorp-
tion shows a weaker bathochromic shift (Figure S21, red solid
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line) compared to the spectrum when also ICT states are
considered (blue solid line). This indicates that the pro-
nounced bathochromic shift for BisSQ2-Aggll is caused by an
interplay of Coulomb coupling and donor-acceptor interac-
tion. Thus, whereas the donor-acceptor interaction in a sand-
wich-type arrangement of the squaraine chromophores in-
duces the panchromatic absorption as observed for BisSQ2-
Aggl (Figure 6¢, blue line), it leads to an increase of the
bathochromic shift in the case of slip-stacked arranged
chromophores like for BisSQ2-Aggll (Figure 6d, blue solid
line).

Conclusion

In this work, we studied the self-assembly of a new
bis(squaraine) dye, in which two chromophores are covalently
linked by a para-phenylene spacer moiety. In the low polarity
solvent mixture toluene/TCE (98:2, v/v), BisSQ2 self-assem-
bles cooperatively into two different supramolecular poly-
morphs with very distinct structures and absorption spectra
depending on the cooling rate. Rapid cooling results in
structurally defined rigid helical nanorods with a diameter of
~5nm and a helical pitch of ~13 nm (BisSQ2-Aggl) while
slow cooling gives rise to a nanosheet structure with a height
of ~2 nm (BisSQ2-Aggll). The self-assembly processes can
be well interpreted in terms of the cooperative K,/K model,
revealing a cooperativity factor of 0=0.016 and binding
constants for the nucleation of K, =3.56 x 10° M~" and for the
elongation of K=2.18x10° M~ for BisSQ2-Aggl, and o=
0.00038, K, =2.42x10* M ' and K = 6.37 x 10° M ! in the case
of BisSQ2-Aggll. With this information, we were able to
derive a qualitative energy landscape (Figure 5) that illus-
trates the kinetically favored formation of BisSQ2-Aggl and
the thermodynamically favored formation of BisSQ2-AggIl.
A second important aspect of this work arises from the
crystal-like well-defined packing of BisSQ2 dyes in the two
polymorphic aggregates BisSQ2-Aggl and BisSQ2-Aggll.
Thus, packing arrangements could be derived from micro-
scopic observations and X-ray scattering for both the
thermodynamically stable BisSQ2-AggIlI nanosheets and the
tubular BisSQ2-Aggl nanorods. These structural models
could be utilized in a subsequent step to elucidate the impact
of packing on the UV/Vis/NIR absorption spectra of these
dye aggregates. Whilst the conventional molecular exciton
model failed to explain the absorption properties of BisSQ2-
Aggl for the given packing arrangement, more profound
theoretical investigations based on the Essential States Model
reveal the importance of intermolecular charge transfer to
adequately describe the panchromatic broad absorption in
the BisSQ2-Aggl absorption spectrum. Moreover, the pro-
nounced red-shift observed in the BisSQ2-Aggll absorption
spectrum can be assigned to the interplay of Coulomb
coupling and intermolecular charge transfer.

In summary, we herein presented a supramolecular poly-
morphism for the self-assembly of a bis(squaraine) dye
leading to unique highly defined nanosheets and tubular
dye nanorods whose very different absorption spectra could
be related to differences in the donor-acceptor overlap.
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Beyond the importance of our results for research on
supramolecular polymers and dye aggregates, we consider
our insights on short-range charge transfer coupling for
squaraine dyes with their donor-acceptor-donor structure to
be of high relevance for all materials based on alternating
donor-acceptor m-systems. This includes in particular accept-
or-donor-acceptor (ADA) dyes that are currently the favored
class of materials for bulk heterojunction solar cells.””
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