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Synthesis of Supramolecular Polymers by Ionic Self-Assembly of Oppositely

Charged Dyes
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Abstract: A new type of supramolec-
ular polymer was prepared by ionic
self-assembly (ISA) from two opposite-
ly charged dyes; a perylenediimide and
a copper—phthalocyanine derivative.
Coulomb coupling stabilizes the whole
structure, and a combination of charge-

10’ Lmol ™), high molecular weight,
and high mechanical stability. The use
of cryo-transmission electron microsco-
py (cryo-TEM) confirmed the exis-
tence of extended fibers of width
2.4 nm. Further image analysis revealed
slight undulation and faint segmenta-

tion of the fibers, and density maxima
were observed at a regular interval of
3.6 nm along the fiber axis. The fiber-
like structure (and aggregate of fibers)
is also found in the solid state, as
shown by the results of mineralization
contrasting experiments, atomic force

transfer interactions and discotic stack-
ing facilitates the exclusive formation
of one-dimensional polymeric chains.
The supramolecular dye-polymers have
a large association constant (2.4x

Introduction

The wide range of properties exhibited by supramolecular
polymers, such as the facile inclusion of functional mono-
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microscopy (AFM), and X-ray analy-
ses. A structural model is proposed, in
which the structural subunits, arranged
in a side-by-side conformation, form a
stacked structure.

mers and their intricate, supramolecular structure, has
stimulated recent interest in these systems.'! Comparison of
supramolecular polymers with common polymers shows that
they exhibit reversible binding/aggregation behavior, that is,
they can dissociate and recombine within experimental time
scales. This implies that they can, for instance, undergo self-
repair following fracture and can adapt their viscoelastic be-
havior towards external stimuli in a way that is not possible
for traditional macromolecules. The combination of proper-
ties of supramolecular polymers assigns them to a unique
class of novel materials.

Until now, the synthesis of supramolecular polymers has
involved highly directional, noncovalent interactions, such as
hydrogen bonding,” metal coordination,® and arene-arene
interactions™ (based on discotic molecules with a disc-
shaped core and a number of peripheral, flexible side-
chains), to ensure a predominantly linear character. Another
prerequisite is that the association constant for the repeating
units should be large enough to give polymers with a high
molecular weight. This has been achieved through a combi-
nation of secondary interactions.”!

On the other hand, ionic self-assembly® (ISA), that is,
self-organization on the basis of electrostatic interactions,
has proved to be a powerful tool for the creation of new
nanostructures and chemical species.”’ Because electrostatic
interactions between charged species are, in principle, non-
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directional, ISA has not, until now, been employed for the
synthesis of supramolecular polymers. The strong interac-
tions mediated by multiple electrostatic bonds may, howev-
er, result in large association constants, provided that secon-
dary aggregation of the ion pairs (due to dipole and multi-
pole interactions) can be kept strictly intramolecular by the
appropriate architecture of the charged tectons. This implies
that supramolecular polymers can be designed by combining
highly directional, noncovalent tecton interactions with elec-
trostatic coupling.

To test this approach, two extended dye systems, a cation-
ic perylenediimide (PTDI-1,*! two charges) and a negative
copper—phthalocyanine tetrasulfonate (CuPcTS, four charg-
es) were chosen as monomeric units to form a supramolec-
ular polymer.

These two tectons were chosen on the basis of their func-
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tion, as well as for purely geometric reasons. Perylenedi-
imide derivatives and phthalocyanine or porphyrin deriva-
tives have attracted much attention through their use as
electrophotographic photoreceptors, photovoltaic elements,
as well as for the storage of optical data.”) Amongst these
compounds, perylene—porphyrin building blocks'” and
linear arrays of perylene, porphyrin, and phthalocyanine
units!''! have been designed and synthesized by means of co-
valent reactions, with the aim that the resulting superstruc-
tures might simultaneously provide two independent path-
ways for electron and hole conduction. The application of
perylene and phthalocyanine double-layer or multilayer de-
vices!"? in solar cells!"® has also been reported. It is expected
that an appropriately designed supramolecular polymer of
perylene and phthalocyanine derivatives will have similar
applications, but with the advantages of being simple to syn-
thesize and, in the absence of covalent constraints, being
able to adopt an optimal structure.

1306

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Results and Discussion

The interaction between PTDI-1 and CuPcTS in water was
studied by using UV/Vis and fluorescence spectroscopy.
Figure 1 shows the UV/Vis titration spectra. The absorbance
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Figure 1. a) UV/Vis spectra of pure dyes and complex films cast from
aqueous solution. b) UV titration experiment of PTDI-1 (107> M in water)
with CuPcTS; inset: absorbance at 500 nm as a function of CuPcTS
concentration.

of the Sy-S; electronic transition of perylene at 500 nm de-
creases as the content of CuPcTS increases, whereas the in-
tensities of the B-band (at 351 nm) and Q-band (at 689 nm)
of CuPcTS increase. An isosbestic point at 556 nm appears
before, and disappears after, the charge-equivalent point of
PTDI-1 and CuPcTS. This observation indicates that a 1:1
charge ratio complex of PTDI-1 and CuPcTS forms in the
solution.

The inset of Figure 1b shows the absorbance at 500 nm as
a function of CuPcTS concentration. The absorbance at
500 nm clearly decreases linearly as the concentration of
CuPcTS increases, and then increases after the charge-
equivalent point, at a charge ratio of 1.04. Deviations from
the value of one may be due to the presence of minor im-
purities within the starting products and will be discussed
below. The results indicate that the PTDI-1/CuPcTS com-
plex forms quantitatively in solution, even at the very low
concentrations used for UV/Vis spectroscopy.
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In comparison with pure dyes, all of the absorption peaks
of the PTDI-1/CuPcTS complex show a red shift. The red
shift of the complex spectrum is more pronounced in the
solid state (see Figure la); 17.2 nm for the B-band absorp-
tion of CuPcTS, 38.7 nm for the perylene absorption maxi-
mum of the Sy—S,; electronic transition, and 83.7 nm for the
Q-band absorption of CuPcTS. The changes in the UV/Vis
spectrum are the result of the desired electronic coupling or
charge-transfer interactions between the two components.

PTDI-1 exhibits strong green fluorescence with a maxi-
mum intensity at 545.5 nm when excited at 480 nm. Figure 2
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Figure 2. Fluorescence titration of PTDI-1 (107> M in water, 4. =485 nm)
with CuPcTS; inset: relative fluorescence intensity (//1,) at 545.5 nm
following addition of CuPcTS.

shows that the fluorescence of PTDI-1 can be completely
quenched by the addition of CuPcTS. The fluorescence in-
tensity decreases in an almost linear fashion as the concen-
tration of CuPcTS is increased (inset of Figure 2); however,
the wavelength that exhibits maximum fluorescence changes
very little. The PTDI-1 fluorescence is quenched completely
at the charge-equivalence point.

This again indicates the formation of a very well-defined
PTDI-1/CuPcTS complex, in which the perylene and phtha-
locyanine molecules have a strict geometric association with
each other (or else quenching would be more efficient and
not only observed at the exact stoichiometric balance).

These results show that it is possible to construct a supra-
molecular polymer of high molecular weight at higher con-
centrations. However, it is still unclear whether this polymer
would be linear and structurally well-defined, or gel-like, as
the reaction of a four-functional cross-linker with a two-
functional monomer can, in principle, lead to the formation
of extended gels. During the addition process, a significant
increase in viscosity was observed (provided the initial
“polymerization” between PTDI-1 and CuPcTS occurred in
solution), and reached a maximum at the charge-equivalent
point of PTDI-1 and CuPcTS. This increase in viscosity is a
typical property of supramolecular polymers.""

The CuPcTS/PTDI-1 complex was precipitated from etha-
nol to remove salts and then dried under vacuum. The pre-
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cise 1:1 charge ratio was verified by performing elemental
analysis, in which the absence of sodium and bromide coun-
terions was confirmed. This result supports the interpreta-
tion that the deviations from the exact stoichiometry that
were recorded in the phototitration experiments were pre-
sumably due to impurities. The complex was then redis-
solved in water to enable analysis of the supramolecular
polymer structure. It must be emphasized that in pure, de-
ionized water and in the absence of small ions, the forma-
tion of the self-assembled structure is practically irreversi-
ble.

The UV/Vis spectra reveal the concentration-dependent
aggregation of primary elements to form the primary super-
structures, for concentrations <10™*mgmL™ (see Support-
ing Information). This aggregation process may occur in two
steps: Firstly, a basic unit at a charge ratio of 1:1, namely,
(PTDI-1),(CuPcTS), is formed. This step is quantitative and
irreversible. These basic units aggregate to form superstruc-
tures with an association constant of 2.4x 10’ Lmol™!, which
was calculated based on an equal-K model according to ref-
erence [15]. The large association constant is clearly due to
the combination of electronic interactions between the dyes,
the potential discotic packing, and, as a driver, the electro-
static interactions between CuPcTS and PTDI-1.

As shown in Figure 3, the viscosity of the solution increas-
es dramatically as the concentration increases. A solution
with a concentration of 4.0 mgmL ™ has a viscosity approxi-
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Figure 3. Effect of concentration of the PTDI-1/CuPcTS polymer on
viscosity.

mately 900 times higher than that of a solution of 1.5x
10~ mgmL . The high viscosity at such low concentrations
indicates that rod-like, high molecular weight, supramolec-
ular polymers form in solution, and the concentration-de-
pendent change in molecular weight is characteristic for
supramolecular polymers. This phenomenon is very similar
to the behavior of so-called organogelators.['")
Cryo-transmission electron microscopy (cryo-TEM) was
used to investigate the extended supramolecular structure.
Figure 4 shows results of the direct imaging of a
1.68 mgmL ™! solution of the complex, in which long fibers
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Figure 4. Cryo-TEM image of a polymer solution at a concentration of
1.68 mgmL .

are visible. From the number of fibers and the number of
ends seen, we can estimate the length of the fibers to be in
the um range. The fibers have an average thickness of
2.4 nm, determined by analysis of digitally extracted and
aligned single-fiber motifs (see Supporting Information). In-
terestingly, the fiber ends are visible as dark points in the
TEM image. This is similar to the ends of the supramolec-
ular fiber formed from pseudoisocyanine dyes."”

Because a vague, internal structure could be detected
from the highly resolved micrographs of the single-fiber
motif, further single-particle analysis of approximately 1000
fiber segments, digitally extracted from three micrographs,
was performed. The individual motifs were aligned, ana-
lyzed by multivariate statistics, classified, and cummulated
to give a set of class sum images, which represent structural
differences in the data set. Each class sum image was ob-
tained from the sum of several (15-25) individual images
containing identical information. Therefore, the signal-to-
noise ratio was improved by averaging out any random in-
formation. This procedure is well established for the analysis
of natural as well as synthetic supramolecular architectures
and has been used routinely for the three-dimensional re-
construction of, for example, protein structures!"®'! or struc-
turally persistent, supramolecular assemblies.?*2!!

Figure 5 (top image) shows the 11 most statistically signif-
icant class averages. The diameter in all images is almost
identical; however, the most striking difference is a slight
undulation (e.g., location 11) and a faint segmentation along
the fiber axis. The latter can be visualized more clearly by
combining 194 individual images of aligned fibers in a single
class at the expense of a slight increase in data variance
(Figure 5, bottom image). The result of this summation
clearly indicates a regularly repeating density maximum
with a periodicity of about 3.6 nm. Although it cannot be
proven conclusively, the repeating density maxima, seen in
conjunction with the undulations and segmentation of the
fibers, could suggest a helical arrangement of the dye subu-
nits (see also Scheme 1).
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Figure 5. Locations 1-11 show the statistically most significant class aver-
ages out of ~1000 individual fiber segments. Each class contains 15-20
individual images aligned. Location 12 represents the total sum of 194
aligned images, revealing the repeating density maxima with a better
signal-to-noise ratio.

Top view
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Scheme 1. Proposed arrangement of the dye tectons into a helical,
fiber-like structure.
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To confirm the formation of rod-like, polymer chains in
solution, marker/contrasting experiments® using both CdS
nanoparticles and CaCOj; mineralization were performed.
SEM and TEM examination revealed fibrous structures
throughout the whole sample, as shown in Figure 6.

The successful adherence of
nanoparticles is due to the pres-
ence of charge pairs within the
supramolecular polymers, which
causes accumulation of inorgan-
ic ions at the polymer surface.
The CaCOj; contrasting experi-
ments reveal large bundles of
fiber-like aggregates microme-
ters in length (Figure 6a). CdS

contrasting experiments enable ats asi Height
the visualization of contrasted 2 range 8.000 nw

polymer strands down to

around 3 nm in width (due to on mica).

Figure 6. a) SEM image (fixation with CaCO;) and b) TEM image (CdS
contrasted) of the PTDI-1/CuPcTS polymer. Structural changes due to

fixation/contrasting cannot be excluded. Each scale bar represents a dis-
tance of 200 nm.

N

the coating of a very thin layer of nanoparticles around the
rod-like polymer structures). Aggregation of these 3 nm
rod-like structures was confirmed by the presence of super-
aggregates of widths 6-9, 12-15, and 18-20 nm, respectively
(Figure 6b).

Chem. Eur. J. 2005, 11, 1305-1311 www.chemeurj.org
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Direct examination of the high concentration phase or
solid (PTDI-1),CuPcTS complex by using atomic force mi-
croscopy (AFM) also revealed a fiber-like structure
(Figure 7), indicating that the complex maintains its supra-
molecular aggregation motif even in the pristine solid state.

0 945 nm 0

371 nm
Data type Height Data type Height
Z range B.000 nm 2 ranye 8.000 nm

Figure 7. AFM images of the (PTDI-1),CuPcTS complex (10 pL of 0.125 mgmL~" solution of PTDI-1/CuPcTS

The average thickness of the fiber strands is approximately
20-25 nm, with an average height of approximately 2.5 nm.
These strands are clearly lateral superaggregates of several
single fibers, with the height of a single polymer (measured
by using cryo-TEM). Such lateral aggregation is typical for
fiber-like aggregates and is also well-known for organogela-
tors. The self-assembly of single, supramolecular fibers into
strands and fiber bundles is presumably driven by entropic
interactions (typical for stiff polymer chains®), with addi-
tional support from multipolar (i.e., dipolar and quadrupo-
lar) interactions between the single, supramolecular polymer
chains.

The X-ray scattering intensities of solutions of the poly-
mer were too low to be analyzed by using lab-based X-ray
techniques; due to the extremely high viscosity, samples of
concentrations greater than 11 mgmL™' could not be pre-
pared. Therefore, powder X-ray diffraction analyses in the
pristine solid state were performed to reveal further details
of the structure of the polymeric (PTDI-1),CuPcTS com-
plex. Results of small-angle X-ray scattering (SAXS) analy-
ses at room temperature (Figure 8a) revealed two reflections
at d-spacings of 1.71 nm and 0.62 nm, which are maintained
even after heating the solid material to 200°C and re-cool-
ing to room temperature. Broad and weak reflections were
also observed (marked by arrows in Figure 8a), which corre-
spond to approximate distances of 7.6 nm and 1.0 nm, re-
spectively. A plot of log/ versus logq produced a gradient of
—1, which fitted very well with a Kratky—Porod, worm-like
chain structure model (see Supporting Information), and
supports further the assumption that the solid state is com-
posed of well-aligned, supramolecular fibers.

Wide-angle X-ray scattering (WAXS) analyses (Figure 8b,
partly overlapping the region analyzed by using SAXS) re-
vealed a peak corresponding to 0.33 nm (in addition to the
peak at 0.62 nm, which was also seen in the SAXS diffracto-
gram). This reflection at 0.33 nm corresponds to the typical

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 1309
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Figure 8. Small-angle (a) and wide-angle (b) X-ray scattering analyses of
the PTDI-1/CuPcTS polymer in the solid state.

discotic stacking distance of aromatic systems, such as pery-
lene and/or phthalocyanine cores.

The peak at 1.71 nm was tentatively assigned to the dis-
tance between single fibers within the aligned domains. The
smaller distance, relative to that in aqueous solution (mea-
sured by using cryo-TEM), may well be due to the dehydra-
tion and consecutive compaction/lateral intercalation be-
tween fibers. Helicity along the fiber axis would assist in this
packing arrangement, and could explain the reflection at
0.62 nm as an in-plane packing motif (see Scheme 1). In any
case, the strong peak at 0.33 nm proves that the whole struc-
ture is composed of dye stacks.

Based on these observations, we tentatively propose a
structural model of the supramolecular polymer. Because
the maximum molecular extensions of the PTDI-1 and
CuPcTS are calculated to be approximately 1.48 nm®* and
1.2 nm,”™! respectively, the fibers (with a thickness of
2.4 nm and a molar ratio of 2:1 to satisfy the requirement of
charge neutrality) are presumably triple stacks, as depicted
in Scheme 1.

The potential helicity of this model would be a direct con-
sequence of packing, as would the dipolar interactions be-
tween single ion pairs, as every ion can also preferentially
interact with the oppositely charged ion in the next layer.
Therefore, this structure not only satisfies charge neutrality,
but may also explain the fiber thickness of 2.4 nm, the regu-
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lar density maxima, the slight undulation, and the faint seg-
mentation along the fibers.

This model also supports the UV and fluorescence data,
because the proposed side-by-side arrangement ensures
close proximity and maximal electronic coupling of the dyes
by aligning tendencies to polarize and transition moments in
parallel. The proposed model reasonably and simply ac-
counts for all of the observations made by spectroscopy,
TEM, and X-ray analysis. Nevertheless, more complicated
packing arrangements cannot be excluded.

Conclusion

A strategy that makes use of the ionic self-assembly princi-
ple for the production of a new class of supramolecular
polymers is presented. The polymers were prepared by the
simple addition of two oppositely charged dyes; a perylene-
diimide and a copper—phthalocyanine derivative. A combi-
nation of charge-transfer interactions and discotic stacking
facilitates the formation of one-dimensional chains, and
electrostatic Coulomb coupling stabilizes the whole struc-
ture so that the dyes form polymeric stacks of high molecu-
lar weight and mechanical stability. This was confirmed in
solution as well as in the solid state by using a variety of
direct and indirect imaging techniques. Image analysis of the
TEM data showed slight undulation and faint segmentation
of the fibers, and a density maximum at a regular interval of
3.6 nm along the fiber axis, which suggests the formation of
a regular, helical structure. A helically twisted, triple stack
model was proposed, which correlates well with the structur-
al and spectroscopic observations.

Appropriately designed polymers of a similar type have
potential for various applications, such as electro-optic devi-
ces as well as for light-harvesting. In addition, with their
highly regular and dipolar exterior, they are promising as
nucleating mineralization templates, as exemplified by the
use of CaCO; and CdS.

Experimental Section

Materials: PTDI-1 was synthesized and purified according to a published
procedure.[xl CuPcTS was obtained from Sigma-Aldrich, and used as re-
ceived. All complexations (slow addition of CuPcTs to PTDI-1 until a 1:1
charge ratio was reached) were performed in pure, deionized water.

Instruments: UV/Vis spectra were recorded by using a Perkin—-Elmer
Lambda 2 spectrometer. Steady-state fluorescence spectra were recorded
by using a Perkin—-Elmer LS50B luminescence spectrometer. Emission
spectra were recorded in the range of 400 to 800 nm by using an excita-
tion wavelength A.,.=480 nm. Both the excitation and emission band-
widths were 2.5 nm. All viscosity measurements were performed by using
a standard capillary viscometry apparatus (Lauda S5 Automated Viscom-
eter, Schott temperature-controlled water bath) at 25°C. Elemental anal-
yses (C, H, N, S) were performed by using a Vario EL Elementar (Ele-
mentar Analysensysteme, Hanau, Germany).

Electron cryomicroscopy preparation: Droplets of the sample (5 pl) were

applied to perforated (hole diameter 1um) carbon-film-covered
200 mesh grids (R1/4 batch of Quantifoil Micro Tools GmbH, Jena, Ger-
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many), which had been hydrophilized before use by performing plasma
treatment for 60 s at 8 W in a BALTEC MED 020 device. The superna-
tant fluid was removed by using filter paper to leave an ultrathin layer of
the sample solution, which spanned the holes of the carbon film. The
samples were immediately vitrified by dropping the grids into liquid
ethane at its freezing point (90 K) and by operating a guillotine-like
plunging device. The vitrified samples were subsequently transferred
under liquid nitrogen into a Philips CM12 transmission electron micro-
scope (FEI Company, Oregon, USA) by using the Gatan (Gatan Inc.,
California, USA) cryoholder and stage (Model 626). Microscopy was per-
formed at a sample temperature of 94 K by using the low-dose protocol
of the microscope at a primary magnification of x58300 and with an ac-
celerating voltage of 100 kV (LaBg-illumination). In all cases, the defocus
was set to 0.9 um, which corresponds to a first zero of the phase-contrast
transfer function at 1.8 nm.

Image processing: Prior to processing, micrographs were checked for the
absence of astigmatism or drift by using laser optical diffraction. Optical
sound micrographs were digitized by using the Heidelberg “Primescan”
drum scanner (Heidelberger Druckmaschinen AG, Heidelberg, Germa-
ny) at a nominal pixel resolution of 1.81 A in the digitized images (scan-
ning resolution 1 um). A total of 983 individual fiber segments were se-
lected and extracted from three digitized micrographs as 100x 100 pixel
fields. After suppressing high frequency background noise by means of
filtering, well-established, nonbiased “reference-free” alignment and clas-
sification procedures® were performed by using multivariate statistical
analysis and hierarchical classification schemes, with the aid of IMAGIC-
5 software (Image Science GmbH, Berlin, Germany). Structural differen-
ces in the data yielded a set of “class averages”, each representing a “typ-
ical view” of a noise-reduced, two-dimensional projection image. Twelve
of the 100 statistically significant classes (lowest intraclass variance) are
represented in Figure 5.

Small-angle X-ray scattering (SAXS) measurements were performed by
using a Nonius rotating anode (U=40 kV, /=100 mA, A=0.154 nm) and
image plates. With the image plates placed at a distance of 40 cm from
the sample, a scattering vector range of s=0.07-1.6 nm™' was available.
Two-dimensional diffraction patterns were transformed into one-dimen-
sional radial averages. The data noise was calculated according to Poisson
statistics, which are valid for scattering experiments.

Wide-angle X-ray scattering (WAXS) measurements were performed by
using a Nonius PDS120 powder diffractometer in transmission geometry
mode. An FR590 generator was used as the source of Cug, radiation (A=
0.154 nm). Monochromatization of the primary beam was achieved by
using a curved Ge crystal. Scattered radiation was measured by using a
Nonius CPS120 position-sensitive detector. The resolution of this detec-
tor in 26 was 0.018°.
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