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Introduction and Aim of this Thesis

Introduction and Aim of this Thesis

One of the major focuses of modern supramolecular chemistry!! is the
organization of functional molecular building blocks by noncovalent interactions such
as hydrogen bonding, n-m-interactions, dipolar and solvophobic interactions, and
metal-ligand coordination.””! The functional self-assembled architectures have found
applications in catalysis,””! data storage devices,”*! as photonic® and electronic!®
materials as well as sensors.!”!

Coordination bonds are highly directional and significantly stronger than other
noncovalent interactions; moreover, thermodynamic and kinetic stability of such
bonds can be fine-tuned by choosing a proper combination of ligand types and metal
ions. Metal ion-ligand interaction provides excellent means for the fabrication of
supramolecular systems which possess functionality like light harvesting and
excitation energy transfer, and charge or ion transport. In the past decade, significant
progress has been made in the area of functional metallosupramolecular
architectures such as coordination polymers® and small discrete assemblies.!

The major aim of this thesis is the design and synthesis of novel perylene
bisimide (PBI) building blocks and their metal-ion-induced self-assembly into
metallosupramolecular architectures, in particular coordination polymers and
metallomacrocyclic arrays that exhibit excellent photoluminescent properties and are
stable in solution. Further, objective of this thesis is the construction of 2D
nanopatterns on surfaces by metal-ion-directed hierarchical self-assembly of PBI
dyes functionalized with appropriate receptors. 2,2".6',2"-Terpyridine (tpy) is chosen
as receptor unit since tpy ligands are easily accessible by conventional synthetic
methods and they possess defined complexation behavior with various transition
metal ions. The present work reveals that the structural properties of PBI-based
metallosupramolecular architectures can be tailored by structural variation of tpy
ligand as supramolecular polymers are obtained by using linear bis(tpy) PBI ligands,
while metallocycles are created from angular bis(tpy) PBI ligands.

Chapter 1 gives a brief overview on metal ion-directed self-assembly of dyes
into macrocyclic and polymeric architectures and their functional aspect are

discussed as well.
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In Chapter 2, the synthesis of regioisomerically pure 1,7-dibromoperylene
bisimide and the nucleophilic replacement of bromine atoms by pyrrolidinyl groups
that affords pure 1,7-difunctionalized mono and bisimide chromophores with optical
properties reminiscent of those of chlorophyll a are described.

In Chapter 3, the synthesis of novel red and green tpy-functionalized PBI
building blocks and their metal-ion-directed self-assembly into coordination polymers
are presented. The supramolecular coordination polymers have been studied in
detail by 'H NMR, DOSY NMR, and UV/Vis spectroscopy. The polymer formation is
visualized by atomic force microscopy (AFM) and the self-organization of PBIl-based
coordination polymers on surfaces has been explored by AFM. In this Chapter, the
formation of alternate multilayer films of coordination polymers with different optical
properties by electrostatic self-assembly using layer-by-layer technique is also
described.

Chapter 4 reports the formation of honeycomb-structured 2D nanopatterns by
metal-ion-directed hierarchical self-assembly of angular tpy-anchored PBI ligands.
The formation of supramolecular metallomacrocycles was established by 'H NMR
titration and DOSY experiments. The structural characterization of macrocycles was
achieved by MALDI-TOF MS providing expected mass peak of the macrocycle and
additional peaks of the multi-charged fragments. The optical properties of ditopic PBI
ligand and cyclic trimer in DMF have been explored by UV/Vis absorption and
fluorescence spectroscopy. AFM studies reveal the honeycomb-structured 2D
assemblies of metallomacrocycles that cover the HOPG surface up to several square
micrometers.

The thesis concludes with summaries in English (Chapter 5) and in German
(Chapter 6).
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Chapter 1

Metallosupramolecular Dye Assemblies:

Cycles and Polymers

- A Literature Survey -

Abstract: Cyclic metallosupramolecular dye assemblies have become a focus of
interest due to their resemblance to natural light harvesting photosynthetic
complexes. In the past decade, numerous structurally impressive and novel
macrocyclic dye architectures based on coordinative ligand-metal ion interaction
have been designed and investigated. This chapter gives a brief overview on the
current development in the field of metal-ion-directed self-assembly of dyes into
macrocyclic and polymeric architectures. Functional aspects of such supramolecular

dye assemblies have also been discussed.
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Cyclic Metallosupramolecular Dye Assemblies

One of the most important processes in nature is the photosynthesis.[” It is the
physico-chemical process by which plants, algae and photosynthetic bacteria convert
solar energy into electrochemical energy and chemical potential energy is stored in
carbohydrates and other organic compounds. The oxidation processes of
carbohydrates supply energy to the living organisms. Photosynthesis starts with the
absorption of photons by light-harvesting (LH) systems that consist of hundreds of
pigment molecules (mainly chlorophyll (Chl) or bacteriochlorophyll (BChl) and
carotenoids) anchored to proteins within the photosynthetic membrane and serve a
specialized protein complex known as a reaction center. This process is followed by
efficient energy migration within the light-harvesting systems until a reaction center is
encountered.!"

Since recent studies on native photosynthetic bacterial membranes using
crystallography®® and AFM measurement®® (see Figure 1) have provided insight into
cyclic arrangements of BChl in light-harvesting complexes, the investigation of well-

designed cyclic metal-ion-directed self-assemblies of functional chromophores has

Figure 1. Molecular organization of a photosynthetic apparatus: (a) The nanomeric complex viewed
from the cytoplasmic side of the membrane. Protein units are presented as white, B800 BChl a green,
B850 BChl a red, and carotenoids yellow. (Reprinted with permission from ref. 2a. Copyright (1995)
Nature Publishing Group). (b) Raw-data AFM topograph of a native chromophore membrane, z scale
is 3 nm; (c) fitting of the LH2 and core-complex averages corresponding to the relative position and
orientation in the topograph; (d) core-complex model of LH2; bars are 5nm. (Reprinted with

permission from ref. 3b. Copyright (2004) The National Academy of Science, U.S.A.)
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become increasingly more important and gained recognition as a topical field in
supramolecular chemistry.!

The development and investigation of artificial model systems of LH
complexes based on cyclic dye architectures is of significant importance to acquire
knowledge on harvesting and conversion of solar energy and for exploring potential
application of such artificial systems in molecular energy conversion devices.
Properly designed supramolecular dye assemblies have not only potential to be used
as artificial LH systems, but also for applications in the fields of molecular recognition,
sensing and supramolecular catalysis. In the past years, several reviews were
published on cyclic coordination architectures created by self-assembly of suitably
designed ligands and specific metal ions.”! Cyclic chromophore arrays with cavities
of variable sizes and shapes are accessible upon formation of macrocycles. By
spontaneous reaction between properly predesigned ligands and metal ions,
desirable self-assembled architectures may be obtained. Triangular, square,
pentagonal and hexagonal assemblies can be produced by coordination reactions of

ligands and metal corner units with 60°, 90°, 108°, and 120° angles, respectively.?

Cyclic Dye Assemblies by Coordination to Metal lons. As one of the early
examples, Fujita  and co-workers  reported the  self-assembly  of
(ethylenediamine)palladium(ll) dinitrate [enPd(NOs),] or Pt(ll) salt with 4,4"-bipyridine
in methanol-water solution in 1990.°! This self-assembly led to the formation of a
kinetically stable planar square 1, which was obtained in high yield under the
conditions of thermodynamic control proved by 'H NMR spectroscopy. Meanwhile,
several other groups led by Stang!}, Wiirthner,”® and Hupp® used the concept of
metal-ligand interactions in order to construct well-defined square architectures.
Stang and co-workers improved the structure of square 1, where the organic soluble
phosphine derivative was used as metal corner unit. The highly soluble
metallosupramolecular squares 2 were investigated by X-Ray analysis that revealed
a high degree of n-stacking between one of the phenyl groups of the phosphine
ligand and the pyridine rings. This imposes considerable rigidity on the corner unit

and fixes the angle between the two adjacent coordination sites.
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The use of phosphine groups as metal corner units significantly extended the
chemistry of square compounds. Thus, molecular squares with variety of ditopic
ligands, e.g., dicyanobiphenyl, dicyanobenzene, diazapyrene, diazabenzoperylene
(square 3), and 2,6-diazaanthracene (square 4), were synthesized by metal-ion-
mediated self-assembly with the square-planar cis-bis(phosphine) Pt and Pd

bis(triflate) complexes in organic solvents.!”!

M = Pd or Pt O

3

M = Pd or Pt
4

Despite of their size and multiple charges, these unique macrocyclic molecular
squares are remarkably soluble in many common organic solvents and were fully

characterized by "F, *'P and "*C NMR technique, and elemental analysis, with the



Chapter 1 Metallosupramolecular Dye Assemblies

exception of 3, which was obtained as impure material in lower yields. Furthermore,
the molecular squares 4 that are chiral due to molecular helicity, can be constructed
by self-assembly between the chiral square-planar Pd(ll) and Pt(ll) bisphosphane
triflate complexes and appropriate achiral bidentate diaza ligands as building blocks.
These chiral molecular squares can be used for asymmetric catalysis and as model
systems in biomimetic studies./"

Wiurthner and co-workers have prepared a series of high fluorescent
tetraphenoxy-substituted diazadibenzoperylene ligands.®”! The complex dynamic
equilibria between molecular triangles 5 and molecular squares 6 in solution were
observed, when twisted fluorescent dyes were used as bridging ligands. Both
macrocyclic assemblies can co-exist in solution, however, bulky tert-butylphenoxy
substituents (p-tBuPh) shift the equilibrium towards square 6 due to the sterical
obstruction for triangular species 5. A similar self-assembly strategy was employed
by Wirthner’'s group for the preparation of perylene bisimide-based squares 7 that
exhibit fluorescent properties.’®® Because the pyridyl units in ditopic ligands are
located at the imide position of the perylene core, where nodes exist in the HOMO
and LUMO orbitals, the excellent fluorescent properties of uncomplexed

chromophores remained unchanged in the metal-ion-assembled superstructures.

6+
s CF5S05

Ph\m/Ph

Ph—P~\-P~Ph

M = Pd or Pt, R = p-tBuPhO M = Pd or Pt, R = p-tBuPhO
5 6

Further decoration of perylene bisimide (PBI) chromophores with functional
scaffold, e.g. with 16 pyrene or 4-dimethylamino-1,8-naphthalimide dye units, led to
the multichromophoric squares 7b and 7c which are reminiscent of cyclic dye

assemblies in native LH systems.
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Steady-state and time-resolved fluorescence investigations showed that the
energy absorbed by the peripheral dye units can be efficiently transferred to the core
perylene bisimide dyes through a fluorescent resonance energy transfer (FRET)
mechanism.®¥" For example, the pyrene-containing molecular square 7b is an
artificial light-harvesting system that combines a fast (ken = 5.0x10°s™") and efficient
(90%) energy transfer with a very fast and even more efficient (>94%) electron-
transfer process with rates of 5x10"" to 43x10"" s™ upon visible excitation.

When perylene bispyridyl imides were modified with four ferrocenyl moieties, the
molecular squares 7d containing 20 redox active units could be organized through
metal-ion-mediated self-assembly.®® However, two reversible four-electron reductive
processes for the inner four perylene bisimides could be observed by cyclic
voltammetry. Thus, these are little influenced by the supramolecular arrangement.
On the other hand, the redox properties of the 16 peripheral ferrocenyl groups are
strongly affected by the sterical constraints which are imposed by the core square
superstructure. In addition, the chemical oxidation of ferrocene-functionalized
perylene bisimides could be realized by thianthrenium pentachloroantimonate and
the redox process could be conveniently monitored by spectrophotometry. It was
shown that metal-ion-directed self-assembly of square nanostructures can be used to

organize redox active functional units in three-dimensional space.®"

10
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The Pt(ll) and Pd(ll) bisphosphane complexes as metal corners could be
successful used for the preparation of porphyrin squares 8 reported by Stang and co-
workers.'"” The porphyrin and its Zn complex were chosen for this study because of
their relatively straightforward preparation and, most important, their electron transfer,
redox, and photoactivity properties. Incorporation of these species into
multicomponent arrays revealed to be an attractive strategy for the construction of
functional arrays, e.g. artificial LH systems. Moreover, high solubility of porphyrin
dyes into common organic solvents facilitates the self-assembly process. Interaction
of linear ditopic porphyrin ligands with the reactive Pt(ll) or Pd(ll) complexes in
dichloromethane at room temperature results in the formation of the desired
tetranuclear complexes 8 in excellent isolated yields. The square structures were

confirmed by 'H and *P NMR spectroscopy, elemental analysis, and mass

spectrometry.
R R jg"
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M =Pd or Pt, R = n-CgH43, X = 2H or Zn

Other approach to the design of porphyrin cyclic arrays was employed by
Drain and Lehn.'" Stable tetramers were synthesized by the ligation of meso-
pyridylporphyrins or the corresponding zinc complexes to cis and trans square-planar
Pt(ll) and Pd(ll) arrays. The 90° angle between the pyridyl groups in 5,10-
dipyridylporphyrins or its zinc complexes and a trans substitution of Pd led to the
formation of closed structure 9. A similar trend was observed for the formation of

isomeric Pt-based square compounds 10 from 5,15-dipyridylporphyrins and
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corresponding zinc complexes. The photochemical properties of porphyrins impart a
functionality to such assemblies that facilitates their characterization and yields
insight into the structural and physico-chemical features of larger organized

structures.

M = 2H or Zn M =2H or Zn

Molecular square 11 with the same framework as 10, constructed by trans-
substituted porphyrins and Re(l) corners, was reported by Hupp and co-workers.?!
The porhyrin-walled squares 11 were obtained in nearly quantitative yield and fully
characterized by "H NMR spectroscopy, elemental analysis, and mass spectrometry.
The kinetically inert Re-N bond excludes the exchange of ligands in solution at room
temperature, but at elevated temperature the square is formed apparently through
thermodynamic control. The dimensions, pre-organization, and multiple binding site
availability of tetrazinc(ll)-metalated square 11 suggest the possibility of strong host-
guest complex construction. Thus, the application of molecular square 11 as an
encapsulant for manganese porphyrin epoxidation catalysts with enhanced catalyst
lifetime and substrate selectivity was also described. Hupp’s group was able to
increase the binding constant for 4-(phenyl)pyridine to square 11 from 1.5x10* M™ to
1.4x10° M™ by discarding alkyl substituents in 12 and adding perfluorophenyl groups

(values in dichloromethane).® Since the perfluorinated substituents are strongly
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electron withdrawing, the Lewis acidity of the Zn(ll) sites is significantly increased,

that strengthen the Zn-N interactions, leading to higher binding constant.
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11

M =2H or Zn, R = n-C4Hgq

Alessio and co-workers reported about the synthesis and characterization of
2+2 homometallic molecular squares of porphyrins obtained by self-assembly of
5,10-dipyridylporphyrin with neutral Ru(ll) octahedral complexes.['” Compared with
the most of the previous examples of porphyrin-based molecular squares, which
used square planar charged Pt(ll) and Pd(ll) complexes as structural units, the
metallocyclic species 12 are neutral, thus providing greater solubility in organic
solvents. Due to the inertness of the Ru-pyridyl bond, which provides kinetic stability
to the molecular squares 12, the authors could show that these discrete units, after
metalation of the porphyrins, are suitable building blocks for the construction of more
elaborate assemblies of higher order by axial coordination of bridging ligands. Using
zinc porphyrin metallacycles 12+Zn, as rigid building blocks, the construction of
discrete supramolecular assemblies of porphyrins with cavities of well-defined shape
and size was introduced. The perpendicular arrangement of chromophores in the
molecular box 12al'® consisting of two zinc-porphyrin metallacycles connected by
two free-base 4'-trans-dipyridylporphyrins axially coordinated to the zinc centers

bears a resemblance to that of bacteriochlorophylls in natural LH complexes.
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M =2H or Zn

12

Terpyridine (tpy) acts as n-acceptor to stabilize various metal oxidation states
and exhibits strong chelating affinity with many transition metals.!"® Thus, tpy is one
of the most widely-used ligands in metallosupramolecular chemistry. A series for
heterometallic molecular squares was prepared by self-assembly of pyridine-modified
tpy with Ru(ll) salts, and Pd (ll) bisphosphane complex by Sun and Lees.'
Ferrocene units have been positioned at metal corner and applied as linker to
achieve the redoxactive nanosize assembly 13. This heterometallic square
incorporating four redoxactive terpyridyl metal complexes as bridging ligands in
addition to four ferrocene units is an attractive assembly for electrochemical sensing.

The terpyridine unit was successful used for the construction of triangle arrays
such as 14 by Ziessel's group.' The geometric constraints built into the
preorganized ligand based on 1,10-phenanthroline with an angle of 60° facilitated the
formation of a cyclic trimer 14 upon complexation with Fe(ll) ion. The triangular
structure was confirmed by 'H and "*C NMR spectroscopy, and mass spectrometry.

A similar self-assembly strategy was employed by Newkome and co-workers
for the preparation of cyclic terpyridine-based discrete structures. The cyclic
architectures composed of di-, tri-, penta-, and hexa-nuclear bis(terpyridine)-metal
units were prepared using appropriately designed angular ditopic bis(terpyridyl)

ligands assembled by Fe(ll), Ru(ll), or Zn(ll) ions coordination.!"®!
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= bridging unit =

B = bridging unit = 0OCqHos
M = Zn?*, Fe?*, Ru®* ’ H25C120 \
15 16

Heteronuclear hexameric metallomacrocycles 15,1622

which employ both Ru- and
Fe-connectivity, was achieved by employing stepwise construction principle. This

principle allows the specific introduction of different metal centers, coupled with the
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ability to tailor the periphery of hexamacrocycles, and affords entry into novel shape-
persistent architectures and cores for dendritic constructions. The characterization of
the metallomacrocycles was carried out by 'H, *C NMR, UV spectroscopy, and mass
spectrometry, as well as electrochemistry. The reversible redox characteristics of
molecular assemblies 15 suggest that they are potential candidates for energy
storage and release, as well as nanoscale molecular electronic and magnetic
devices.!"® Family of pentameric metallomacrocycles based on a carbazol unit as
bridging ligand was also reported by Newkome and co-workers.'"®® The
macropentacyclic complexes were used for coating of nanocrystalline TiO, in a
Gratzel-type solar cell device. In the recent past, novel shape-persistent hexagonal
macrocycles 16 could supplement the library of cyclic metal-ion-mediated
supramolecular architectures.!'® The complexation between bis(tpy) ligands and
Fe(ll) ion produced trimeric metallomacrocycle possessing hexagonal motif. The
structures of complexes 16 were elucidated by 'H, > C NMR spectroscopy, and mass
spectrometry. Their optical and electrochemical properties were also
characterized.!'®

Fascinate cyclic architectures were reported by Lehn and co-workers."” The
self-assembly of circular helices whose frameworks are templated by counter anions
of metal ions yields pentanuclear and hexanuclear complexes 17 and 18,
respectively. The complexation of tris-bipyridine ligand with FeCl, salts results first in
a kinetic polymeric product. This progressively converts into the thermodynamic
pentanuclear cyclic array which incorporates a chloride ion in the cavity as evidenced
by X-ray analysis. In contrast, the self-assembly of the same ligand with FeSO,4 and
Fe(BF4), gives hexanuclear complex. Two levels of self-assembly can be
distinguished in the present system. First, the organization of the ligands around the
metal ions, which results in a helical architecture. Second, the ring closure into a

torus of defined size.
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Cyclic Dye Assemblies by Coordination to Metallochromophore.
Chromophores containing own metal ions such as metalloporphyrin and
metallophthalocyanine have been widely used for metal-ion-directed self-cyclization
approach. Central metals accommodated in the macrocyclic structures permit one or
two axial coordinations of ligand depending on the metal ion species. The smallest
macrocyclic assemblies by this strategy are cofacially coordinated porphyrin dimers
19 reported by Kobuke and co-workers."® They proposed the idea of complementary
coordination of an imidazolyl substituent of one porphyrin to the Zn** center of
another porphyrin, whose imidazolyl coordinated back to Zn?* in the first porphyrin.!®!
The dimer 19 is stabilized through coordinative as well as n-n-stacking interactions
and their stability constant reaches 10" M™ in nonpolar solvent at lower
concentrations. In the recent past, novel porphyrin-phthalocyanine cyclic dimer 20
organized by self-complementary imidazolyl-to-zinc coordination was reported."!
The association constant in toluene for coordination reached ever 10" M™, which
was much higher that those for the coordination homodimers 19. Due to close
contact of the porphyrin and phthalocyanine planes, a strong shielding of the cofacial
protons was observed. The stacked dimers possessed unique optical properties due
to strong exciton coupling and charge-transfer between the porphyrin and

phthalocyanine units.

17



Chapter 1 Metallosupramolecular Dye Assemblies

Zz

N

i\
Zinnnnnng

19

20

A series of isomeric pyridine-functionalized tetraphenylporphyrins, where a

pyridyl function is perpendicular to the porphyrin plane, and investigation of their self-
assembly properties in solution and in the solid state was reported by Hunter and co-
workers.?” These functionalized zinc porphyrin dyes afford self-cyclized assemblies
21 at diluted conditions with an association constant of 102 M in dichloromethane.
The self-assembly process is thermodynamically controlled, thus macrocyclization
was quantitative.[?%

18
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Self-assembly of dimer 21 generates a macrocyclic complex containing a spacious
cavity with inwardly directed hydrogen-bond recognition sites. Thus, this
functionalized macrocycle with cavities is utilizable for selective molecular recognition
and can encapsulate amide guests of suitable size and shape to form host-guest
complexes.?#%¢l The self-assembly properties of cyclic architectures depend on the
covalent structure of the monomers. Increasing the angle between the plane of the
porphyrin and the orientation of the pyridine ligand from 90° in monomers, which are
used for construction of 21, to 150° should favor the formation of a trimeric
macrocycle 22, while the square tetramer 23 was formed predominantly when this
angle was 180°.%°° The concentration-dependent UV/Vis experiments in
dichloromethane indicated that self-assembly is taking place between 107 and 10 M.
The stability constants of the resultant assemblies 21-23 in dichloromethane are as
high as 102 M.

The preparation of cyclic porphyrin assemblies 24a and 24b and studies of their
photoinduced energy and electron transfer were also reported by Hunter’s group.®"!

Free porphyrins with two pyridyl groups at the end of the two trans-meso positions
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coordinate to zinc-porphyrin dimers, which contain a naphthalenediimide or
terephthaloyl diamide unit as the bridging group, to afford the complexes 24a and
24b. The cyclic dimer 24a has a naphthalenediimide group as linker that can act as
an electron acceptor in photoinduced electron-transfer reaction with porphyrins.?"
The dimer complex 24b contains a terephthaloyl diamide and this cannot act as an
electron acceptor, it behaves rather as an inert spacer. The stability constant of these
self-assembled complexes is 3x108 M in dichloromethane, which is very close to the
value reported for cyclic dimer 21.1% The spectroscopic investigations indicated that
both cyclic dye assemblies 24a and 24b dissociate at a concentration about 10° M;

however, remain fully assembled down to concentration below 107 M.

R = -- OC7H14

OC7H14

R'= "OC5H11

24a: bridging group = - -N O N- -
o} 6}

24Db: bridging group = _N;_Q_I%N_ _
0 o)

The weak fluorescent emission of zinc-porphyrin dimer containing a

naphthalenediimide linker is not significantly changed upon complexation to 24a,
which implies that fast electron transfer from the zinc porphyrin to the
naphthalenediimide also takes place in the complex. In contrast, in 24b the intensity
of the fluorescence emission of the Zn(ll) part is significantly reduced by the energy
transfer from the zinc-porphyrin to free-porphyrin part.

The self-assembly of zinc porphyrins bearing a pyrazole substituent was
reported by lkeda and co-workers.”? The ability of pyrazole-substituted zinc-
porphyrin chromophores 25a to self-assemble in solution into cyclic trimer 26 was

explored by UV/Vis absorption and 'H NMR spectroscopy, and vapor pressure
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osmometry. However, the self-cyclization of zinc porphyrin 25b resulted in a
tetrameric species. Theoretical calculations of a model system revealed that the
coordination angle, which is defined as the angle between the porphyrin mean plane
and the CH bond at position 3 in an axially coordinated pyrazole ring, is 59° for an
unsubstituted pyrazole ligand 25a and 65° for 3,5-dimethylpyrazole ligand 25b. Thus,
the formation of a tetrameric assembly in the case of ligand 25b can be explained in
terms of steric repulsion imposed by the methyl groups.

H\
g
RTX "R
Ar Ar
Ar
Ar = "@O(CH3)7CH3
25a: R=H
25b: R =Me 26

Imamura and co-workers have reported the cyclic ruthenium porphyrin
tetramers 27a-c.**"! The tetrameric architecture of these cyclic assemblies was
elucidated by variable temperature '"H NMR spectroscopy. The presence of excitonic
interactions between cofacially arranged ruthenium porphyrin units in these cyclic
molecules was revealed by electrochemical analysis.®*? The self-assembled
rhodium(lll) porphyrin complex 27d was also investigated by Imamura and co-
workers.”??! The cyclic structure of this complex was confirmed by X-ray analysis.
The tetramer in the solid state deviates from ideal C4, symmetric structure, in which
the pyridyl groups would be coordinated vertically to the neighboring porphyrin units.
The dihedral angles of coordinating pyridyl groups and rhodium porphyrins in cyclic
complex 27d are 87.8° and 108.6°.

A perfect symmetric structure was observed for a zinc-porphyrin tetramer

system by Osuka’s group.”” The X-ray analysis of this zinc-porphyrin tetramer
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confirmed the square structure with the dihedral angles between porphyrin mean
planes of 89.1° and 90.9°.

27a: M =Ru,L=CO, R=Ph
27b:M =Ru, L =CO, R = p-MePh
27¢: M =Ru, L =Py, R = p-MePh

27d: M = Rh, L = Cl, R = p-tBuPh

Changing the geometry of the monomer unit can have dramatic effect on the
structure and self-assembly properties of porphyrin arrays. Hunter and co-workers
have designed two different cobalt porphyrins. One, the compound 28a, which is
symmetrically substituted with two identical ligand side arms forms linear
polymers.?®® Other ligand 28b which is unsymmetrically functionalized with
complementary but different ligand side arms self-assembles into macrocyclic
dodecamer 29 over the concentration range of 5-500 pM.?*®! The formation of
proposed macrocycle was substantiated by gel permeation chromatography (GPC)
and molecular modeling studies. With increasing concentration, higher molecular
weight polymers begin to emerge. The chromophores in cyclic dodecamer 29 are too
far apart to show strong excitonic coupling in the UV/Vis absorption spectrum and,
unfortunately, cobalt quenches the porphyrin fluorescence, which makes any
analysis of the energy transfer and excitonic coupling properties of this synthetic

analogue of bacterial light-harvesting complexes problematic.

22



Chapter 1 Metallosupramolecular Dye Assemblies

24
N

o
SEg

e

28b

The synthesis of zinc-porphyrin-based supramolecular macrocyclic arrays as
mimics of photosynthetic LH antennae was reported by Kobuke and co-workers. %"
Pentameric and hexameric macrocyclic porphyrin architectures were constructed by
complementary coordination of bis(zinc-imidazolporphyrins). The size of the
macrocycles can be controlled by the angle between the two connecting bonds of
porphyrin units to the spacer. Thus, the m-phenylene-linked bis(imidazolyl-zinc-
porphyrin) building blocks 30 were successfully used to form entropically favorable
pentameric (31, n =0, substituents R are not shown) and enthalpically favorable
hexameric (31, n=1, substituents R are not shown) supramolecular
macrocycles.?**! Using covalent connection, in particular by ring-closing metathesis,
it was possible to permanently fix the macrocyclic arrays and to enable spectroscopic
studies in various solvents at different concentrations. The covalently linked species
were separated by GPC and characterized by MALDI-TOF mass spectrometry and
small-angle X-ray scattering measurements. The cyclic porphyrin arrays did not show
any fluorescence quenching by assembly formation and represent a good model
artificial light-harvesting complexes.

Kobuke’s group also reported the supramolecular formation of cyclic
pentamers and hexamers from bis(zinc-imidazolylporphyrin) linked by a m-

bis(ethynyl)phenylene spacer.?**®! Introduction of the ethyne units between porphyrin
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and phenylene in 32 allows free rotation along the ethyne axis. Thus, an electronic
communication among porphyrins is feasible due to the coplanar conformation. Using
the exciton-exciton annihilation and anisotropy depolarization times, the excitation
energy hopping times in macrocyclic pentameric (33, n=0) and hexameric (33,
n=1) systems were obtained as 21 ps and 12.8 ps, respectively. Furthermore,
pentameric and hexameric porphyrin arrays could be visualized by ultrahigh vacuum
scanning tunneling microscopy (UHV-STM) on Au(111) surface.”®” The slipped-
cofacial arrangement was clearly observed and assigned by comparison with the
disassociated structure obtained at submolecular resolution. The STM
measurements indicated that the slipped-cofacial dimer plane laid horizontally on the

gold surface.

@N " R

N

R = (CH,)¢CHj, (CH,)s0CH,CH=CH,

30:s= Spacer =

32: s = Spacer =

31:s =Spacer= @
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33: s = Spacer = /©\
. X
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When three porphyrins are connected through m-phenylene spacer and

imidazolyl groups are appended at molecular terminals as in 34, the self-assembly
results in a macrocyclic trimer 35.272< The macrocyclic trimeric assembly 35 contains
three coordination-free zinc-porphyrin and can accommodate tripodal ligand in its
hole by multitopic and cooperative coordination. The modification of the ligand with
energy and electron acceptors and further coordination with 35 seems to be an

interesting way to construct LH systems.
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R! = (CH,)30CH,CH=CH,
R2 = (CH2)2002CH3

34

A series of macrocycles from trimer to decamer self-assembled from

ferrocene-bridged trisporphyrin 36 was also reported by Kobuke and co-workers.!?">!

Trisporphyrin 36 spontaneously generates the dimeric assembly 37 upon Zn(ll) ion

addition.

/
R = (CH,)30CH,CH=CH, [N % Fo

Y/ 7
R? = (CH,),C0O,CHj3 N

36

Taking advantage of the hinge-like flexibility of ferrocene, the dimer ring 37 was
transformed into a mixture of porphyrin macrocycles by reorganizing the structures
cleaved once by solvent. Macrocycles were stable in the absence of coordinating
solvent and could be easily transformed to initial dimeric complex in the present of
coordinating solvent such as methanol. This transformation is completely reversible
and can be controlled by the choice of solvent system. Flexible and large molecular

cavities with multiple coordination sites make these macrocycles versatile hosts for a
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wide variety of guest molecules. The unique photo and electronic properties of
porphyrin and ferrocene emphasize the attractiveness of these cyclic architectures

for use in molecular recognition and artificial LH complexes.

Metallosupramolecular Polymers

Metallosupramolecular polymers play a significant role in supramolecular
chemistry as it is the case for cyclic self-assemblies described before. Introduction
and definition of supramolecular coordination polymers as well as the basic
correlations between the resulting polymer chain length, complex binding constant,
and concentration have been described comprehensively in a recent review by
Dobrawa and Wiirthner® and in the PhD thesis of R. Dobrawa (Universitat
Wiirzburg 2004).”"! Therefore, these aspects of metallosupramolecular polymers are
not repeated here.

The wide range of readily available metal ions and ligand units provides a
strong basis for the formation of supramolecular polymeric systems with highly
variable length, stability, and reversibility. These metallosupramolecular structures
could be applied as functional materials, especially for light-emitting diodes, charge
transport, organic solar cells, and sensors.”®3% As in the above-mentioned review!?®
and in the PhD thesis of R. Dobrawa®” the literature on metallosupramolecular
polymers is covered untii 2004, only recent advances in the field of
metallosupramolecular polymeric assemblies are represented here.

The interesting concept for the formation of neutral metallosupramolecular
polymers has been reported by Lehn and co-workers.®"! The coordination polymers
38 based on acyl hydrazone containing metal ion coordination centers such as Co*",
Ni**, Zn?*, and Cd** were obtained by self-assembly polymerization. Three different
processes are involved in this: 1) Subunit condensation to form the tridentate
coordination moiety; 2) multiple metal ion-ligand coordination to connect the ligand
monomers; 3) simultaneous deprotonation to form neutral coordination centers. The
combination of metal ions and ligands leads to different morphologies of the
metallosupramolecular polymers. These novel neutral supramolecular polymers

exhibit specific optical and mechanical properties, which can vary by the occurrence
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of cross-over ligand exchange due to the reversibility of the coordination bonds. 'H
NMR spectroscopic analysis was performed to study the kinetics of the dynamic
ligand-exchange reaction between homopolymers. By interchanging the ligand
components and metal ions in coordination centers of polymers in solution and in the
neat phase interesting optical and mechanical properties can be introduced, a

particularly attractive feature of such functional dynamic materials.
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Oh and Mirkin have used a homochiral carboxylate-functionalized binaphtyl
bis-metallotridentate Schiff base (BMSB) as a building block to form colloidal
particles from coordination polymers 39.°% The process of particle formation is
reversible, as evidenced by the formation of the starting materials upon the addition
of excess pyridine. By adjusting the electronic nature of the metal ions, the physical
and chemical properties of polymeric particles could be controlled. It is interesting to
note that the particles are stable in water and common organic solvents. The
inclusion of binaphtyl in the ligand affords fluorescence from the complex as well as
from the particles. The ancillary ligands (L) also allow the manipulation of the
electronic nature of the metal ions. For instance, increasing the o-donor capability of

the ancillary ligand induces a red-shift of the absorption maximum. As these
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materials can be obtained in enantiopure form, they are attractive for asymmetric

catalysis and chiral resolution.

L = pyridine, water
M = Zn?*, Cu?*, Ni¢*

39

This concept has recently been used by Maeda and co-workers to obtain
nanoscale architectures from dipyrrin ligands.*®! Bis(dipyrrin) ligands with various
rigid phenylethynyl spacers that were prepared by cross-coupling reactions exhibited
coordination behavior as indicated by change of solution color and, in some cases,
formation of precipitate immediately after addition of metal salts. Self-assembled
nanoscale structures of coordination polymers and oligomers based on dipyrrin
ligands were observed by scanning electron microscopy (SEM). Zn(ll) ion complex
40b provided uniform nanosized spherical structures with a diameter of ca. 300 nm,

while coordination polymer 40a formed randomly shaped objects from THF solution.
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The supramolecular polymeric assemblies 41 with attractive optical properties
that are formed by self-assembly of fluorescent pyridyl cruciforms with bis-Pd-pincer
complexes were reported by Bunz, Weck, and co-workers.®* This supramolecular
polymeric material combines the advantages of polymers and small molecules such
as optical, electronic and redox properties of cross-conjugated cruciform. Using

isothermal titration calorimetry (ITC), an association constant of 5700 M was
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measured for the coordination complex in dimethylformamide. The polymer
properties, which are resulted from changes in the degree of polymerization (DP),
could also be tailored by altering the ratios of pyridyl cruciform and bis-Pd-pincer

complex.
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41

Ruben and co-workers prepared the metallosupramolecular coordination
polymer 42 from new back-to-back ligand with 2:6-di(pyrazol-1-yl)pyridine as terminal
binding sites and Fe(ll) ion.**! Unfortunately, the authors did not present any data on
the molecular weight of this new coordination polymer. Interestingly, it was reported
that a reversible spin transition (ST) above room temperature occurs at
approximately 323 K with a thermal hysteresis loop of 10 K. This approach provides
a general concept for achieving technologically appealing high T2 systems by
supramolecular interlinking of the ST-iron(ll) centers. Recently, Kurth and co-workers
reported on metallosupramolecular polymer system with interesting magnetic

properties (see page 34).%
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Very recently, the formation of coordination polymers 43 by self-assembly of a
new type of ditopic chiral ligand bearing two azabis(oxazoline) moieties with Cu(ll)
ions has been reported by Garcia and co-workers.?”! The new ligand combines the
high coordinating ability of azabisoxazoline with the known ability of these kinds of
ligands to form 2:1 ligand/metal ion complexes, necessary to direct the formation of
the linear coordination polymer. For complexation reaction, copper (ll) was chosen as
the complexes of this metal ion find broad application in enantioselective catalysis.
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Indeed, the supramolecular coordination polymer 43 could be successfully used as
self-supported enantioselective catalyst, allowing a release-and-capture strategy of
homogenous catalysis and heterogeneous recovery of them in the reaction medium.
The self-supported catalyst has been tested in the enantioselective catalytic reaction,
leading to excellent enantioselectives and allowing up to fourteen cycles without
significant loss of activity or selectivity."*”!

Rowan, Beck, and co-workers have introduced multistimulus, multiresponsive
metallosupramolecular coordination polymers from lanthanides and 2,6-
bis(benzimidazolyl)pyridine (BIP) ligands 44.%%! These ligands can bind transition
metal ions in a 2:1 ratio as well as lanthanides in a 3:1 ratio. Therefore, the self-
assembly of ligands, transition-metal ions (Co(ll) or Zn(ll) ions) and lanthanides
(La(lll) or Eu(lll)) in appropriate stoichiometry results in the formation of
metallosupramolecular gels. These supramolecular polyelectrolyte materials exhibit
thermo, chemo, and mechanical responses as well as light-emitting properties. The
nature of the response displayed by these systems depends upon the metal ion,
counter-ion, and the amount of swelling solvent.*®!

The supramolecular polymerization of ditopic macromolecules 45 based on

2,6-bis(1'-methylbenzimidazyl)pyridine-endcapped poly(p-phenylene ethynylene) and
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poly(p-xylene) via metal ion-ligand binding has also been reported by Rowan’s
group.®!

equimolar amounts of Zn(ll) or Fe(ll) ions resulted in polymers, which exhibit

The supramolecular polymerization of these macromonomers with

appreciable mechanical strength. With the objective to improve the material’s
mechanical properties, the authors employed minor amounts of lanthanide salts,
which are well-known to bind three ligands, as a cross-linking/branching units in
supramolecular polymerization of 45 and Fe(ll) ion to generate the crosslinks/branch
points in a 45/metal ion system (see the schematic representation). The further
addition of Fe(ll) ion resulted in an instantaneous and dramatic visual increase of the
solution’s viscosity, illustrating the successful linear chain growth of the preformed
3:1 45/La(lll) complexes. The formation of polymers is clearly demonstrated by an
increase in the viscosity of the solutions. This approach to assemble conjugated
polymers from smaller building blocks has prospects because high-molecular-weight
conjugated polymers are generally difficult to process due to their high transition

temperatures, limited solubility and high solution viscosities.
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Furusho, Yashima, and co-workers reported synthesis of double-stranded
metallosupramolecular helical polymers 46 consisting of two complementary
metallopolymer strands that are intertwined through chiral amidinium-carboxylate salt
bridges.[*” The pyridine groups are utilized for the metal coordination site to form

metallosupramolecular strands. Information on the structure of the polymers 46 was
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obtained by 'H NMR, DOSY NMR, absorption and CD spectroscopy. Direct evidence
for the polymeric structure and their visualization were provided by AFM

measurements.

R' = (R)-1-phenylethyl or (S)-1-phenylethyl

46

The synthesis, characterization, and metal-ion-mediated supramolecular
polymerization of diazadibenzoperylenes (DABP) 47 equipped with first to third
generation Fréchet-type dendrons were reported by Wirthner and co-workers.*"!
Silver(l)-ion-mediated polymerization of DABP ligands was investigated by NMR
spectroscopy and AFM. The supramolecular polymerization was shown to be highly
dependent on the generation number of the attached dendrons; thus, first and
second generation dendrimers afforded polymeric materials while the third

generation resisted polymerization as a result of the shielding of the aza coordination

site by dendritic wedges.

Since 2,2":6',2"-terpyridine (tpy) derivatives exhibit strong chelating affinity with
many transition metals and use of tpy ligands affords a well-defined coordination
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geometry, numerous coordination polymers containing tpy-based complexes have
been reported.

Wiuarthner and  co-workers have employed the concept of
metallosupramolecular polymerization to prepare a photoluminescent coordination
polymer, where the metal ion serves a purely structural role./*? Here, the photoactive
tetraphenoxy-substituted PBI unit was covalently attached to tpy receptor groups that
contain phenylene spacers connecting PBl and tpy. Tpy-receptors were linked
together by non-covalent interactions upon formation of the corresponding bis(tpy)-
zinc(ll) complex. Polymer 48, which was thermodynamically stable and kinetically
labile, could be grown up to chain length of about 15 repeat units due to moderate
solubility which was attributed to the extended n-system of tpy-Ph-PBI building blocks.
Although the incorporation of Zn(ll) ions had little effect on the fluorescence spectrum
of the organic monomer, it was shown that replacement by Fe(ll) resulted in a

significant reduction of the fluorescence quantum yield.[*!

7| 2n TO

Ar = p-tBuPh, p-tOctPh
48

Recently, Chen and co-workers reported cadmium(ll)-directed self-assembly
polymerization of Iluminescent tpy building blocks utilizing oligofluorenes as
spacers.*® The number of repeating fluorine units in supramolecular coordination
polymers 49a influences slightly the absorption and fluorescence spectra, while the
fluorescence quantum yield increases to a certain extent with increasing conjugation
length of the spacers. In order to further tune the emission color, the synthesis of
metallosupramolecular polymers 49b containing a donor-accepter (D-A) structure
composed of a triphenylamin electron-rich unit have also been described./*®! With
D-A structure in the backbone, the absorption and fluorescence emission spectra of
polymer exhibit large red-shifts compared to those of other polymers. The longer

wavelength absorption and fluorescence maxima derive from intermolecular charge
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transfer. The fluorescence quantum yield of coordination polymers 49 is ca. 0.5 in

solid state, thus these polymers are promising materials for light-emitting diodes.

49a: M = Cd?*, spacer = - Q 0.0 O
X

*{-- spacer |« CgHi7 CgHiz  x=1-3
n
49b: M = Cd?*, spacer = @NO
CHs

The self-assembly of amphiphilic metallosupramolecular A-B-A triblock
copolymers 50 containing a B block of bisfunctional tpy unit and A block based on
monofunctional tpy ligand has been reported by Schubert and co-workers.**! Since
the metallopolymerization of bis(tpy) ligand leads to the formation of chain-extended
polymers, the addition of a macromolecular chain stopper allowed the formation of

A-B-A architectures. The coordination polymers that have been prepared via a simple

one-step polycondensation approach based on metal ion-ligand complexation can
[44]

form micelles in acetone/water mixture as shown by cryo-TEM imaging.

2 PFg

50: M = Ni¢*, Fe?*, Co?*

In the search of new electrochromic materials and to explore the structure-
property relationships of metal ion-ligand-directed coordination complexes, Kurth and
co-workers have investigated metallosupramolecular coordination polymers
assembled from various newly synthesized bis(tpy) ligands 51.°%! The authors have
shown that optical, electrochemical, and electrochromic properties of these polymers
are profoundly affected by the nature of the substituents at the peripheral pyridine
rings. Metallosupramolecular polymers assembled from the electron-rich OMe group

modified ligands exhibit high switching reversibility and stability and show a lower
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switching potential than the unsubstituted and electron-deficient Br-substituted

analogues.

n=1,2
R =H, OMe or Br

51

29 (o)< -

Q =Fe?, Ru%, Co*
As indicated by the authors, a key feature of these materials is that the colors can be
readily modified, covering the whole visible region through the design of the ligands
or the choice of the metal ions, demonstrating the ease for color tuning, which is a
topic of great concern in electrochromic applications. The properties of these
electrochromic supramolecular materials reveal their high potential for technological
applications for a broad range of purposes.®® Kurth and co-workers have also
successfully applied the layer-by-layer approach to such metallosupramolecular
polymers.*®! Iron(ll) ion induced self-assembly of bis(tpy) 51 (n=1, R=H) and
triterpyridine ligands 52 resulted in well-soluble cross-linked metallosupramolecular
coordination polymers. UV/Vis spectroscopy, X-ray analysis, AFM, and ellipsometry
showed that the film growth is linear and continuous. The incorporation of such
metallosupramolecular polymers in electrochromic films seems to be a common and

promising approach for the development of display-type applications.
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Conclusion

The present introductory chapter gives an overview of metallosupramolecular
architectures that incorporate dye molecules. The metal-ion-directed self-assembly of
chromophores mimics the fundamental assembly processes found in natural
photosystems. As shown in this chapter, many fascinating supramolecular
methodologies have been developed and succeeded in providing macrocyclic and
polymeric arrangements. The metallocyclic dye assemblies have potential to be used
in artificial light-harvesting systems. Metallosupramolecular polymeric and cyclic
architectures are also useful for applications in the fields of molecular recognition,
sensing, supramolecular catalysis, electronics and photonics.

Incorporation of fluorophores like perylene bisimide chromophores into
coordination-based assemblies seems to be a promising approach to provide novel
luminescent metallosupramolecular architectures. The application of this concept is
the major objective of this PhD work and the pertinent results are described in

following chapters.
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Chapter 2

Synthesis and Characterization of
Regioisomerically Pure 1,7-Disubstituted

Perylene Bisimide Dyes

Abstract: This chapter deals with the synthesis of regioisomerically pure 1,7-
difunctionalized perylene bisimides. The bromination and subsequent imidization of
perylene bisanhydride with cyclohexylamine, followed by multiple successive
recrystallization afforded for the first time regioisomerically pure N,N’-dicyclohexyl-1,7-
dibromoperylene bisimide 1,7-3. By using this regioisomerically pure 1,7-
dibromoperylene bisimide, symmetric and unsymmetric 1,7-dipyrrolidinylperylene
bisimides 4a-d and 7, respectively, as well as difunctionalized unsymmetric 1-bromo-7-
pyrrolidinyl- and 1-cyano-7-pyrrolidinylperylene bisimides 8 and 9 could be synthesized

in good yields.
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Introduction

Perylene-3,4:9,10-tetracarboxylic acid bisimide (PBI) are of increasing interest as
functional dyes!" for applications in molecular electronic devices such as photovoltaic
cells,”” organic field-effect transistors (OFETs)?® and light-emitting diodes (OLEDs)".
These dyes were also used in electrophotography (xerographic photoreceptors),?
fluorescent light collectors,” and lasers.l”? Furthermore, liquid crystallinity of PBIs has
been recently demonstrated’® as well as nano- and mesoscopic supramolecular
architectures have been revealed.?

Distinct optical and electronic properties are required for the application of
perylene bisimides in optoelectronics. The desired properties may be achieved by
proper functionalization of perylene bisimide. The chemical modifications at imide group
do not significantly effect the optical and electronic properties of this chromophore
because of nodes in the HOMO and LUMO at the imide nitrogen atoms.!"®'"! However,
these properties are drastically changed on functionalization of the perylene core with
electron donor or acceptor groups. Such core-functionalized PBIls are usually
synthesized from the respective halogenated, in particular brominated derivatives in the
case of difunctionalized PBls. In one of the patents in the year 1997 1" BASF disclosed
a procedure for the bromination of perylene bisanhydride 1 and subsequent imidization
of the brominated product as well as the exchange of bromine atoms in bisimides by
phenoxy and alkyne groups. This patent claimed that the bromination of perylene
bisanhydride 1 under the conditions applied forms selectively 1,7-dibromoperylene
bisanhydride 1,7-2 (Scheme 1) and, the subsequent imidization leads to isomerically
pure 1,7-dibrominated PBIs. In the past years, numerous disubstituted perylene
bisimides (PBls) with interesting functionalities!™® including liquid crystalline!"*'! PBlIs,
dendrimers,['™® and polymers,!'”! were synthesized from 1,7-dibrominated perylene
bisimides according to the patent procedure!'® and have been applied in light-harvesting
systems,!"® LEDs,"**182¢1 OFETs 2% molecular switches,*"! wires,”? and logic

gates.#!
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Br.

(0] (0] @) (0]
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3L I
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(0] (0] O (0]

Br

1 1,7-2

Scheme 1. Bromination of perylene bisanhydride (1) according to the BASF patent.!'?

Apparently the previously reported difunctionalized PBls are apparently mixtures
of 1,7 and 1,6 regioisomers rather than isomerically pure compounds. Surprisingly, only
one of the above-cited publications has drawn attention to this problem, while the others
have reported only 1,7-disubstituted perylene bisimides.!'*! A possible reason for this
may be the fact that on the one hand, the precursor of difunctionalized perylene
bisimides, i.e., 1,7-dibromoperylene bisanhydride 17,7-2, is virtually insoluble in any
organic solvent, and it could be characterized only by elemental analysis and mass
spectrometry which could not differentiate the regioisomers. On the other hand, the
isomeric mixtures of the subsequently synthesized perylene bisimides could only be
observed by high-field (> 400 MHz) '"H NMR. Thus, in one of the earlier publications of
our research group!'®@ on liquid-crystalline PBls, the presence of isomeric impurities was
not recognized on the based of 400 MHz 'H NMR spectra. In the course of intensive
research on perylene bisimide chemistry in our group, we became aware of this problem
and have reinvestigated in detail all the steps in the synthesis of disubstituted perylene
bisimides to assign unequivocally the respective isomers and to develop methods for
their purification. Indeed, 1,7-dibromoperylene bisimide can be obtained in isomerically
pure form and the nucleophilic replacement of bromine atoms afford pure
difunctionalized bisimide derivatives.”*¥ Furthermore, the synthesis and characterization
of new so-called green chromophores,**® such as 1,7-dipyrrolidinylperylene
bisanhydride and bisimides that exhibit optical properties reminiscent of those of

chlorophyll a (Chl a) are accomplished.
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Results and Discussion

Synthesis. The bromination of perylene bisanhydride 1 was repeated according
to the patent procedure!'? (reaction conditions (a) in Scheme 2) and the crude product,
which was insoluble in organic solvents, was investigated by 600 MHz 'H NMR
spectroscopy in concentrated D,SO4 (96-98% in D,0).

i

1,7-2 1,6-2 1,6,7-2

Scheme 2. Isomeric products formed in the bromination of perylene bisanhydride 1. Reagents and
conditions: a) Br, I, (catalytic), 100% H,SO,, 85 °C, 11 h.['4

Three sets of signals with different intensities were observed in the 'H NMR
spectrum indicating that at least three different products are formed in the bromination of
bisanhydride 1. This signal pattern implies that 1,7- and 1,6-dibromoperylene
bisanhydrides (7,7-2 and 1,6-2) and tribrominated perylene bisanhydride 17,6,7-2
(Scheme 2) are formed in the bromination of perylene bisanhydride 1. (Further evidence
for structural assignment of these compounds is provided below).

The products of the bromination of perylene bisanhydride were insoluble in
organic solvents and could not be purified by column chromatography. Therefore, the
crude product mixture was used for the subsequent imidization with cyclohexylamine
under the reaction conditions reported in the BASF patent (reaction conditions (b) in
Scheme 3)."? As expected, the imidization afforded a mixture of 1,7- and 1,6-
dibromoperylene bisimides (1,7-3 and 1,6-3) and tribrominated perylene bisimide 1,6, 7-
3.
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For the imidization of perylene bisanhydride derivatives, different reaction
conditions from those used in the above-mentioned patent were employed,!'® therefore,
the imidization of brominated products of perylene bisanhydride 1 in a 2:1 mixture of
H,O/n-PrOH, instead of N-methylpyrrolidinone, at 80 °C (reaction conditions (c) in
Scheme 3) was also carried out and similar results were obtained as under the reaction

conditions (b).

CeH14 (I:eHn (I:eHn
Os_N__O Os_N__O Os_N_O

a) b) Br l l Br l I Br Br l l Br
1 —— ——— + +
AENOOANOOINOON

07 'N” 70 07 'N” 70 0~ 'N° 70
CeHi4 CeHy4 CeHy4
1,7-3 1,6-3 1,6,7-3"

Scheme 3. Isomeric products formed in the bromination and subsequent imidization of perylene
bisanhydride 1. Reagents and conditions: a)l'? Br,, |, (catalytic), 100% H,SO4, 85 °C, 11 h; b)!"? H,,Cs-
NH,, N-methylpyrrolidinone, 85 °C, 6 h; ¢) Hy1Cs-NH», H,O/n-PrOH (2:1), Ar, 80 °C, 10 h.

In contrast to brominated perylene bisanhydrides 2, the respective perylene
bisimides 3 were soluble in organic solvents facilitating their further purification. The
silica-gel column chromatography of the product mixture obtained after imidization of 2
with CH.Cl, as eluent allowed the separation of the minor component tribrominated
perylene bisimide 1,6,7-3", which was obtained in ca. 1% yield and was characterized by
'H and *C NMR, and MS. However, the regioisomeric 1,7- and 1,6-dibromoperylene
bisimides (7,7-3 and 1,6-3) could not be separated by column chromatography and a
80:20 mixture (determined by 600 MHz 'H NMR) of 1,7-3 and 1,6-3 was obtained in
61% vyield. Fortunately, the major regioisomer 17,7-3 could be separated by
recrystallization of the 80:20 mixture of 1,7-3 and 1,6-3 from CH,CIl,/MeOH (1:1). The
recrystallization process was monitored by 600 MHz 'H NMR spectroscopy (Figure 1) to

assess the number of recrystallization steps required for complete purification. After
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three successive recrystallizations, the regioisomer 1,7-3 could be obtained in pure form
as revealed from the "H NMR spectrum (Figure 1c). The mother liquor was enriched with
the minor isomer 1,6-3 as was evident from the NMR spectrum (Figure 1d); however,
the latter could not be obtained in pure form. It is noteworthy that the characteristic
signals of the regioisomers 1,7-3 and 17,6-3, in particular the doublets, were only
separated in high field '"H NMR spectra since the chemical shifts differ very little (0.006
ppm for the doublets at 9.42-9.46 ppm, see Figure 1a), while at the lower field these
signals overlap.

a) i

o M

o M Je JL
9 M | L M

9.2 9.0 8.8 8.6
6 (ppm)

Figure 1. NMR spectroscopic monitoring of recrystallization; 600 MHz 'H NMR spectra: a) regioisomeric
mixture of 1,7-3 and 1,6-3 before recrystallization; b) after one and c) after three repetitive

recrystallizations; d) spectrum of mother liquor of first recrystallization.

This might be the reason why in former publications on 1,7-difunctionalized PBls,
the problem of regioisomers was not recognized. Although our NMR data are in
agreement with those reported for 1,7-dibromoperylene bisimides,*"®*! an unequivocal
assignment of the NMR signals to the individual regioisomers 7,7-3 and 1,6-3 is not

possible due to the symmetry of both isomers. Fortunately, single crystals of the major
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isomer, obtained after repetitive recrystallization (Figure 1c¢), were grown by covering its
CH2Cl, solution by MeOH layer. The crystal of 1,7-dibromo PBI 1,7-3 could be
investigated by X-ray analysis. The crystal properties and packing information are
described in our publication®®¥ and in the PhD thesis of Z. Chen (Universitit Wiirzburg,
2006).

Once the reasonable amounts of isomerically pure 1,7-dibromoperylene bisimide
1,7-3 were obtained, this substrate was used further for the synthesis of 1,7-
difunctionalized perylene bisimides and bisanhydrides. The transformations are shown
in Scheme 4.

The nucleophilic substitution of regioisomerically pure 1,7-dibromoperylene
bisimide 1,7-3 with pyrrolidine at 55 °C according to Wasielewski’s method!'*¥ (Scheme
4, conditions (a)) afforded the corresponding dipyrrolidinyl PBI 4a as a green solid in
67% vyield after column chromatography. Once the substitution reaction was carried out
at 46 °C, the monopyrrolidinyl perylene bisimide 8 was obtained in 28% yield after
column chromatographic purification. The latter substrate was converted to the hitherto
unknown unsymmetrically difunctionalized monocyano monopyrrolidinyl PBI 9 by
cyanation with Zn(CN), in the presence of Pd(0) catalyst according to literature
procedure (Scheme 4, conditions (g))."*®

The saponification of 4a in isopropanol with 100-fold excess of KOH afforded the
hitherto unknown 1,7-dipyrrolidinylperylene bisanhydride 5 that could be obtained after
recrystallization from tetrachloroethane / acetic ether mixture in 62% yield. This novel
building block was successfully applied for the synthesis of regioisomerically pure 1,7-
dipyrrolidinyl PBls 4b-d. The condensation of 1,7-dipyrrolidinylperylene-3,4:9,10-
tetracarboxylic acid bisanhydride (5) with 4-aminopyridine in quinoline at 180 °C
(Scheme 4, conditions (d)) afforded the ditopic perylene bisimide ligand 4b (76%), which
is an important building block in metal-ion-induced supramolecular chemistry.®?! The
reaction of 5 with 4-dodecylaniline and 3,4,5-tridodecyloxyaniline according to standard
procedure!® afforded the corresponding difunctionalized symmetrical PBls 4c and 4d in

44% and 33% yield, respectively.
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Scheme 4. Chemical transformations of isomerically pure 1,7-dibromoperylene bisimide 1,7-3. Reagents
and conditions: a) pyrrolidine, 55 °C, Ar, 24 h, 67% of 4a; b) KOH (100 equv.), iPrOH, reflux, 2 h, 62% of
5; ¢) KOH (50 equv.), iPrOH/H,O (6:1), reflux, 2.75 h, 88% of 6; d) 4-aminopyridine, 4-dodecylaniline or
3,4,5-tridodecyloxyaniline, Zn(OAc),, quinoline, 180 °C, 18-24 h, 76% of 4b, 44% of 4c, and 33% for 4d;
e) 4-aminopyridine, Zn(OAc),, quinoline, 180 °C, 4.5 h, 84% of 7; f) pyrrolidine, 46 °C, Ar, 24 h, 28% of 8;
g) Pdy(dba)s, 1,1-bis(diphenylphosphino)ferrocene, Zn(CN),, dioxane, 110 °C, Ar, 20 h, 84% of 9.
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Since perylene monoimide monoanhydrides are important starting materials for
the synthesis of unsymmetrical perylene bisimides,?” reaction conditions for partial
saponification of 4a were searched to obtain pure dipyrrolidinyl-functionalized perylene
monoimide monoanhydride 6 that may serve as a building block for the synthesis of
electron-donor functionalized unsymmetrical PBls. After optimization of the reported
reaction conditions,!"*”! a partial saponification of 4a was achieved in a 6:1 mixture of
isopropanol-water with 50-fold excess of KOH at 105 °C. Under these reaction
conditions, after ca. 2.75 h bisimide 4a was converted up to 45% and only monoimide
monoanhydride 6 was formed. Prolonged reaction time led to the generation of
bisanhydride 5, hence the reaction was terminated after this time, followed by column
chromatographic purification of the crude mixture that afforded 6 in analytically pure form
in 88% yield (relative to the converted amount of 4a) and the unreacted starting material
4a was recovered in ca. 50% yield. The unsymmetrical, monotopic building block 7 could
be obtained in 84% yield by condensation reaction of 6 with 4-aminopyridine (Scheme 4,
conditions (e)).

The present 1,7-disubstituted perylene bisimides were fully characterized by 'H
and *C NMR, high resolution mass spectrometry, and elemental analysis (for synthetic

details and characterization data, see Experimental Section).

Optical and Electrochemical Properties. The optical properties of present
compounds in dichloromethane have been explored by UV/Vis absorption and
fluorescence spectroscopy. The nucleophilic substitution of 1,7-dibromoperylene
bisimide with pyrrolidine afforded a green perylene compound (4a) that exhibit intense
optical absorption band near 700 nm.["***! The introduction of secondary cyclic amine
induced dramatic bathochromic shifts relative to the lowest energy optical transition of
1,7-3 (Amax = 527 nm in CHCI,) due to a charge-transfer (CT) from electron donating
amine into perylene core (see Figure 2). The maximum of the longest wavelength
absorption band of 4a is at Anax(€) = 700 nm (38700 M'cm™). The optical properties of
1,7-dipyrrolidinyl-substituted perylene bisanhydride and bisimide are summarized in
Table 1.
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Figure 2. UV/Vis absorption spectra of 1,7-dibromoperylene bisimide 71,7-3 (dotted line), 1,7-
dipyrrolidinylperylene bisanhydride 5 (solid line) and bisimide 4b (dashed line), and fluorescence spectra
of 5 (solid line) and 4b (dashed line) in dichloromethane at 20 °C.

Table 1. Optical properties in dichloromethane.

UV/Vis absorption Fluorescence emission

Compound Amax/nm M 'em™ Amax/nmte! 4!
max max fl

1,7-3 527 49800 543 0.94

da 700 38700 736 0.25

4b 715 44500 756 0.15

4c 706 45800 745 0.20

4d 707 44800 741 0.34

5 709 33500 744 0.18

6 708 35900 746 0.14

7 705 42800 745 0.25

8 656 27300 734 0.19

9 684 27600 754 0.10

[l Excitation at Aex = 500 nm for 1,7-3 and at Aex = 615 nm for 4-9; ™ errors for quantum yields are 0.02.
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It is important to note that the replacement of the N-cyclohexyl substituents in perylene
bisimide 4a by other substituents (e.g., 4-pyridinyl, 4-dodecylphenyl or 3,4,5-
tridodecyloxyphenyl) did not affect the absorption and emission maxima of the
chromophore. Upon excitation at 615 nm, perylene bisimide 4a and anhydride 5 exhibit
an intense emission at Anax = 736 and 744 nm, respectively. The fluorescence quantum
yields are calculated to @5 = 0.25 for 4a and 0.18 for 5 in dichloromethane (see Figure 2
and Table 1).

The electrochemical properties of pyridine-functionalized 1,7-dipyrrolidinyl

perylene bisimides 4b and 7 are investigated by cyclic voltammetry (Figure 3).

a) b) 1 pA
A [1u

1500 -1000 500 O 500 1000 -1500 -1000 -500 O 500 1000
EImV vs. Fc/Fc' EI/mV vs. Fc/Fc'

Figure 3. Cyclic voltammograms of di-bromo PBI 1,7-3 (a) and ditopic perylene bisimide 4b (b) in
dichloromethane at RT (sweep rate 100 mVs_1). Working electrode: platinum disk; counter electrode:
platinum wire; reference electrode: Ag/AgCl; supporting electrolyte: tetrabutyl ammonium
hexafluorophosphate (NBu,sPFe, 1x107 M).

The first and the second reduction potentials for both PBls were detected at halfwave
potentials of —1.21 V and —1.32 V vs. Fc/Fc” (for 4b) and —1.28 V and —1.39 V vs. Fc/Fc’
(for 7) corresponding to the formation of radical anions and dianions (Figure 3b),
respectively, while di-bromo perylene bisimide 1,7-3 possesses two reduction potentials
at —0.99 and -1.17V (Figure 3a). The substitution of bromine atoms in 1,7-3 by
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pyrrolidinyl groups leads to little decrease in the electron affinity of the molecules. In
contrast to the dibromo perylene bisimide 17,7-3, which does not exhibit any oxidation
waves in the available potential range (Figure 3a), two reversible oxidation waves
corresponding to the formation of radical cationic and dicationic species are observed for
the dipyrrolidinyl-substituted PBls 4b and 7 (Figure 3b). Symmetrical perylene bisimide
4b exhibits the oxidation wave at 0.25 V corresponding to the radical cationic state of
4b, and at 0.38 V for the second oxidation corresponding to the dicationic species. For
the unsymmetrical bisimide 7, the first and second oxidation waves occur at 0.21 V and
0.35V, respectively. The similar redox potentials of symmetrical and unsymmetrical
PBls 4b and 7 indicate that the electrochemical behavior of PBls is little influenced by
the substituents at the pery positions due to nodes at N atoms in the HOMO and
LUmo.l'e1

Conclusions

The detailed study has shown that the bromination and subsequent imidization of
perylene bisanhydride 1 with cyclohexylamine leads to a mixture of regioisomeric 1,7-
and 1,6-dibromoperylene bisimides 1,7-3 and 1,6-3, and tribrominated bisimide 1,6,7-3".
Since the regioisomers 1,7-3 and 1,6-3 are only detectable by high field '"H NMR
spectroscopy and cannot be separated by conventional silica-gel column
chromatography, it is suspected that the previously reported 1,7-difunctionalized PBls
that were synthesized from 1,7-dibromoperylene bisimide obtained according to the
BASF patent!'? are contaminated with the respective 1,6 isomers. Thus, one of the
objectives of this work was to draw attention of chemists as well as material scientists to
this apparently less considered problem of regioisomeric impurity in 1,7-difunctionalized
PBI probes.

Isomerically pure 1,7-dibromoperylene bisimide 1,7-3 was obtained. Although the
present purification method is rather cumbersome, to date no attractive alternative is
available for the preparation of regioisomerically pure 1,7-dibromoperylene bisimides

that are important precursors for the synthesis of 1,7-difunctionalized PBls.
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Regioisomerically pure 1,7-dibromoperylene bisimide 7,7-3 has shown to be a versatile
building block for the synthesis of various pure 1,7-difunctionalized PBI derivatives. In
this chapter it has been shown that the two bromine substituents can be exchanged
even in a sequential manner leading to donor-acceptor substituted PBls. Partial
saponification of bisimides to imide-anhydrides is possible as well.

The 1,7-pyrrolidinyl-substituted perylene bisanhydride 5 and unsymmetrical imide-
anhydride 7, whose synthesis and characterization are given in this chapter, will be used
for their subsequent chemical modification with terpyridine units to afford ditopic and
monotopic PBI ligands, which were subjected to metallosupramolecular polymerization

(see Chapter 3).
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Experimental Section

General: Solvents and reagents were obtained from commercial sources and
used as received. NMR spectra were recorded at room temperature on 600 MHz ('H)
and 400 (1H) MHz spectrometers. The solvents for spectroscopic studies were of
spectroscopic grade and used as received. UV/Vis spectra were measured on a
spectrophotometer equipped with a temperature controller. The steady state
fluorescence spectra were measured on a conventional spectrofluorometer and
fluorescence quantum yields were determined by the optically dilute method®®! with
Fluorescein (¥ =0.92 in 1N NaOH aqueous solution),?® Cresyl violet (& =0.54 in
methanol),*” or Nileblue (& = 0.27 in ethanol)®® as reference. Cyclic voltammetry was
performed with an electrochemical workstation of BAS Epsilon in a three-electrode
single-compartment cell using dichloromethane as solvent (10 mL). Working electrode:
platinum disk; counter electrode: platinum wire; reference electrode: Ag/AgCl. As
supporting electrolyte tetrabuthyl ammonium hexafluorophosphate (NBusPFs, 1x10 M)
was used. All potentials were internally referenced to the Fc/Fc™ couple. The solutions

were purged with argon prior to use.

Bromination of Perylene Bisanhydride 1:'"? A mixture of 31.3 g (80.0 mmol) perylene-
3,4:9,10-tetracarboxylic acid bisanhydride (1) and 472 g of 100% by weight sulfuric acid
was stirred for 12 h at room temperature and subsequently I, (0.77 g, 3.0 mmol) was
added. The reaction mixture was heated to 85 °C and 28.2 g (176 mmol) of bromine
were added dropwise in a time period of 8 h. After bromine addition, the reaction mixture
was heated for additional 10 h at 85 °C and cooled to room temperature. The excess
bromine was removed by a gentle stream of N, gas and 65 mL water was added
carefully. The resulting precipitate was separated by filtration through a G4 funnel,
washed with 300 g of 86% sulfuric acid and a large amount of water, and dried in
vacuum to give 42.0 g (95%) of a red powder. The crude product could not be purified,
since it is insoluble in organic solvents. The analysis of this crude product by 600 MHz
'H NMR in conc. D,SO, (96-98% in D,0) revealed that 1,7- and 1,6-dibromo- and 1,7,6-

tribromoperylene bisanhydrides were formed in a ratio of 76:20:4 (Figure 1).
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MS (El, 70 eV) m/z (%): 547.8 (45.9), 548.8 (16.0), 549.8 (92.0), 550.1 (24.2), 551.8
(45.9) [M*] (calcd 550.1); HRMS (EI) calcd for CosHeBr2Og 547.8525, found 547.8523.

1,7-Dibromoperylene-3,4:9,10-tetracarboxylic Acid Bisanhydride (1,7-2): '"H NMR
(600 MHz, D,S0Qy, calibrated for TMS): 6=9.68 (d, 2H, J = 8.2 Hz), 9.01 (s, 2H), 8.79 (d,
2H, J = 8.3 Hz).

1,6-Dibromoperylene-3,4:9,10-tetracarboxylic Acid Bisanhydride (1,6-2): '"H NMR
(600 MHz, D,S0y4, calibrated for TMS): 6= 9.70 (d, 2H, J = 8.1 Hz), 8.98 (s, 2H), 8.82 (d,
2H, J = 8.1 Hz).

Imidization of Crude Bromination Product:['? A suspension of brominated perylene
bisanhydrides (0.95 g, 1.72 mmol) obtained in the above reaction, cyclohexylamine
(0.502 g, 5.07 mmol) and acetic acid (0.50 g, 8.33 mmol) in 20 mL N-methyl-2-
pyrrolidinone was stirred at 85 °C under Ar for 6 h. After cooling to room temperature,
the precipitate was separated by filtration, washed with 100 mL MeOH, and dried in
vacuum. The crude product was purified by silica-gel column chromatography with
CH.CI, as eluent. The first band was collected and after evaporation of solvent, N,N-
dicyclohexyl-1,7,10-tribromoperylene bisimide 7,6,7-3° was obtained as a red powder
(13 mg, 1%). The second band contained a mixture of N,N’-dicyclohexyl-1,7- and 1,6-
dibromoperylene bisimide (1,7-3 and 1,6-3) as a red powder (755 mg, 61%) and 600
MHz 'H NMR analysis revealed a 80:20 ratio. The regioisomeric dibromoperylene
bisimides 1,7-3 and 1,6-3 could not be separated by column chromatography.

Regioisomerically pure 1,7-dibromoperylene bisimide was obtained by repetitive
crystallization. In a typical procedure, 450 mg of the 80:20 mixture of N,N’-dicyclohexyl-
1,7- and 1,6-dibromoperylene bisimide was dissolved in 100 mL CH,Cl,. The solution
was poured into a cylinder-shaped glass container (diameter: 5 cm, height: 14 cm)
through a glass funnel with a filter paper and 120 mL MeOH was very carefully layered
on the top of CH,ClI, solution by a syringe. The container was sealed and kept at room

temperature for 2 weeks to grow red crystals of perylene bisimide (280 mg, 62%). The
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recrystallization was repeated 2 more times to obtained pure 1,7-dibromoperylene
bisimide 1,7-3 (100 mg, 22%).

N,N’-Dicyclohexyl-1,7-dibromoperylene-3,4:9,10-tetracarboxylic  Acid Bisimide
(1,7-3): Mp > 400 °C; "H NMR (600 MHz, CDClz, TMS ): 6= 9.45 (d, 2H, J = 8.2 Hz),
8.86 (s, 2H), 8.65 (d, 2H, J=8.0 Hz), 5.02 (m, 2H), 2.54 (m, 4H), 1.20-2.00 (m, 16H);
*C NMR (100 MHz, CDCl;, TMS): 5= 163.3, 162.7, 137.9, 132.7, 132.6, 129.9, 129.2,
128.4, 127.0, 123.7, 123.3, 120.7, 54.3, 29.1, 26.5, 25.4; MS (El, 70 eV) m/z (%): 710.0
(20.6), 712.0 (44), 714.0 (22.9) [M'] (calcd 710.0); UV/Vis (CH2Clp): Amax (€) = 527
(49800), 492 (33700), 466 (13600), 390 (5300), 276 nm (26400 M cm™); fluorescence
(CH2Cly, Aex=500 nm): Amax = 543 nm; quantum yield (CH.Cl,): @ = 0.94; elemental
analysis: calcd (%) for CssH2sBraN2O4: C, 60.69; H, 3.96; N, 3.93; found: C, 60.10; H,
4.00; N, 3.92.

N,N’-Dicyclohexyl-1,7,10-tribromoperylene-3,4:9,10-tetracarboxylic Acid Bisimide
(1,6,7-3"): Mp > 400 °C; '"H NMR (400 MHz, CDCl3, TMS): §=9.41 (d, 1H, J = 8.0 Hz),
8.87 (s, 1H), 8.78 (s, 2H), 8.67 (d, 1H, J = 8.2 Hz), 5.02 (m, 2H), 2.52 (m, 4H), 1.9-1.2
(m, 16H); "*C NMR (150 MHz, CDCls;, TMS ): 6= 163.0, 162.9, 162.6, 162.5, 137.4,
136.6, 136.4, 133.3, 133.1, 131.4, 131.2, 130.8, 130.7, 129.5, 127.9, 125.9, 125.2,
124.2, 123.8, 123.7, 123.4, 123.3, 122.9, 121.3, 54.4, 54.3, 29.2, 29.1, 29.1, 29.0, 26.5,
26.5, 25.4, 25.3; MS (El, 70 eV): m/z (%) =790.0 (30.5), 791.0 (12.9), 792.0 (30.6),
793.0 (13) [M"] (calcd 791.3); UV/Vis (CH2Cl,): Amax (€) = 529 (36900), 495 (26000), 424
(8100), 271 nm (23000 M cm™).

N,N’-Dicyclohexyl-1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic Acid
Bisimide (4a): A mixture of 95.0 mg (0.133 mmol) of 71,7-3 and 4.30 g (59.7 mmol) of
pyrrolidine was stirred under Ar for 24 h at 55 °C. Subsequently the reaction mixture was
poured into 15 mL of 10% HCI under stirring and extracted with methylene chloride
(3 x20 mL), dried over MgSQ4, and concentrated by rotary evaporation. The resulting
precipitate was purified by column chromatography on silica gel (CH2Cl,/hexane (40/1,

v/v)) to yield 62 mg (67%) of a green solid.
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Mp > 400 °C; "H NMR (400 MHz, CDCl;, TMS): 6=8.41 (s, 2H), 8.31 (d, J = 8.1 Hz,
2H), 7.56 (d, J = 8.1 Hz, 2H), 5.04-5.10 (m, 2H), 3.65-3.82 (m, 4H), 2.72-2.89 (m, 4H),
2.56-2.66 (m, 4H), 1.80-2.10 (m, 12H), 1.76-1.78 (m, 6H), 1.20-1.50 (m, 6H); "*C NMR
(100 MHz, CDCls): 5= 163.5, 163.4, 145.4, 132.8, 128.7, 125.5, 122.6, 121.1, 119.7,
118.4, 116.9, 52.7, 51.0, 28.1, 25.6, 24.7, 24.5; MS (El, 70 eV): m/z (%) = 692.3 (100)
[M*], 693.3 (48.8) [M*+H] (calcd 692.3); HRMS (El) calcd for Cs4H44N,O4 692.3362,
found 692.3370; UV/Vis (CH2Cly): Amax (€) = 700 (38700), 436 (15400), 346 (50600), 314
(24700), 275 nm (25300 M cm™); fluorescence (CH2Clz, Aex = 615 NM): Amax = 736 nm;
quantum yield (CH,Cl,): & = 0.25+0.01.

1,7-Dipyrrolidinylperylene-3,4:9,10-tetracarboxylic Acid Bisanhydride (5): A mixture
of 100 mg (0.15 mmol) of 4a, 600 mg (15.0 mmol) of KOH and 5 mL of /PrOH was
brought to reflux. The mixture was stirred for 2 h and poured under stirring into 17 mL of
AcOH. The resulting green precipitate was concentrated by centrifugation, washed with
water and methanol, and purified by recrystallization from tetrachloroethane/ethylacetate
to give 47 mg (62%) of 5.

Mp > 400 °C; "H NMR (400 MHz, CDCls, TMS): 6= 8.47 (s, 2H), 8.42 (d, J = 8.1 Hz,
2H), 7.60 (d, J = 8.1 Hz, 2H), 3.69-3.81 (m, 4H), 2.80-2.92 (m, 4H), 2.03-2.17 (m, 8H);
3C NMR (100 MHz, tetrachlorethane[D,]): 5= 160.6, 146.6, 135.2, 130.3, 129.5, 128 .4,
124.1, 122.4, 118.0, 117.6, 114.7, 52.6, 25.7; MS (El, 70 eV): m/z (%) = 530.1 (100)
[M*], 531.2 (35.9) [M*+H] (calcd 530.14); HRMS (EI) calcd for CsH2oN20g 530.1479,
found 530.1480; UV/Vis (CH2Cly): Amax (€) = 709 (33500), 435 (13400), 318 (22400), 276
(18700), 252 nm (37300 M cm™); fluorescence (CH2Clz, Aex = 615 NM): Amax = 744 nm;
quantum yield (CH,Cly): @, = 0.18+0.02.

N,N’-Di-(4-pyridyl)-1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic  Acid Bis-
imide (4b): A mixture of 73.0 mg (0.137 mmol) of 1,7-dipyrrolidinylperylene-3,4:9,10-
tetracarboxylic acid bisimide (5), 75.0 mg (0.792 mmol) of 4-aminopyridine and
Zn(OAc)2 (11.0 mg, 0.07 mmol) was heated in quinoline (3 mL) under stirring at 180 °C

for 20 h under argon. After cooling to room temperature, the mixture was poured on
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aqueous 2N HCI (10 mL). The resulting precipitate was separated by filtration, washed
with water (5x40 mL) and purified by column chromatography (silica gel,
CH,CI2/CH30H (40:1, v/v)) to yield 74 mg (76%) of 4b as a dark-green powder.

Mp > 400 °C; MS (El, 70 eV): m/z = 682.1 [M'] calcd for CsoH3oNsO4 682.1; 'H NMR
(400 MHz, CDCl3, TMS): §=8.85 (d, J = 6.0 Hz, 4H, Hp,), 8.53 (s, 2H, Hpep), 8.49 (d,
J=8.1Hz, 2H, Hpep), 7.72 (d, J = 8.1 Hz, 2H, Hpery), 7.41 (d, J = 6.0 Hz, 4H, Hp), 3.72-
3.86 (M, 4H, Hpymoiidiny), 2.80-2.92 (m, 4H, Hayrofiginy), 1.98-2.20 (m, 8H, Hpyrmoiiginy); °C
NMR (100 MHz, CDCl;): §=163.4, 163.3, 149.7, 146.7, 144.8, 134.8, 130.3, 127.4,
124.7, 124.2, 122.5, 121.4, 121.3, 118.6, 118.3, 52.5, 25.8; UV/Vis (CH2Cl,): Amax (€) =
715 (44500), 439 (17400), 318 (25500), 248 nm (60000 M'cm™); fluorescence (CH,Cls,
Aex=615nm): Amax = 756 nm, quantum vyield (CH,Cly) @y =0.15+0.01; elemental
analysis calcd for C42H30NgO4 x H2O (700.1): C 71.91, H 4.56, N 11.98; found: C 71.37,
H4.73, N 11.34.

N,N’-Di-(4-dodecylphenyl)-1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic Acid
Bisimide (4c): A mixture of 33.0 mg (0.062 mmol) of 5, 78.0 mg (0.30 mmol) of 4-
dodecylaniline, 20.0 mg (0.10 mmol) of Zn(OAc), and 5 mL of quinoline was heated
under stirring at 180 °C for 18 h under argon. 7 mL of 15% HCI was poured into the
cooled mixture under stirring. The resulting precipitate was separated by filtration,
washed with 40 mL of water, dried at 40 °C/10° mbar, and purified by column
chromatography (CH>CIl,/CH30H (50/1, v/v)) to yield 28 mg (44%) of 4b.

Mp 116-118 °C; "H NMR (400 MHz, CDCls, TMS): 5= 8.48 (s, 2H), 8.39 (d, J = 8.1 Hz,
2H), 7.61 (d, J = 8.1 Hz, 2H), 7.37 (d, J = 8.4 Hz, 4H), 7.25 (d, J = 8.4 Hz, 4H), 3.65-3.80
(m, 4H), 2.75-2.91 (m, 4H), 2.68-2.72 (m, 4H), 1.90-2.10 (m, 4H), 1.66-1.73 (m, 4H),
1.20-1.45 (m, 40H), 0.80-0.95 (m, 6H); *C NMR (100 MHz, CDCl3): 5= 164.4, 164.3,
146.6, 143.4, 134.6, 133.1, 130.2, 129.4, 128.3, 126.9, 123.9, 122.5, 121.9, 1211,
119.3, 118.3, 52.2, 35.8, 31.9, 31.3, 29.7, 29.7, 29.6, 29.6, 29.6, 29.5, 29.4, 25.8, 22.7,
14.1; MS (El, 70 eV): m/z (%) = 1016.5 (100) [M*], 1017.4 (75.2) [M*+H]; HRMS (El)
calcd for CgsHgoN4sO4 1016.610, found 1016.604; UV/Vis (CH,Cl): Amax (€) = 706
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(45800), 435 (18000), 315 (28400), 245 nm (63600 M cm™); fluorescence (CH,Cls,
Adex=615nm): Amax = 745 nm; quantum yield (CHCly): @& = 0.20+0.01; elemental
analysis: calcd (%) for CesHgoN4O4 x H,O (1035): C, 78.85; H, 7.77; N, 5.40; found: C,
79.21; H, 8.06; N, 5.38.

N,N’-Di-(3,4,5-tridodecyloxyphenyl)-1,7-dipyrrolidinylperylene-3,4:9,10-
tetracarboxylic Acid Bisimide (4d): A mixture of 100 mg (0.188 mmol) of 5, 518 mg
(0.80 mmol) of 3,4,5-tridodecyloxyaniline, 50.0 mg (0.25 mmol) of Zn(OAc), and 10 mL
of quinoline was heated under stirring, at 180 °C for 24 h under argon. 45 mL of 15%
HCI was poured into the cooled mixture under stirring. The resulting precipitate was
separated by filtration, washed with 20 mL of water and 10 mL of methanol, dried at
40 °C/10™" mbar, and purified by column chromatography (THF/hexane (1/2, vIv)) to
yield 111 mg (33%) of 4c.

Mp 93-95°C; "H NMR (400 MHz, CDCls, TMS): §=8.45 (s, 2H), 8.40 (d, J = 8.1 Hz,
2H), 7.65 (d, J = 8.1 Hz, 2H), 6.59 (s, 4H), 4.03-4.06 (m, 4H), 3.94-3.97 (m, 8H), 3.65-
3.75 (m, 4H), 2.73-2.81 (m, 4H), 1.95-2.04 (m, 8H), 1.75-2.04 (m, 12H), 1.20-1.52 (m,
108H), 0.84-0.90 (m, 18H); *C NMR (100 MHz, CDCls): 5= 164.4, 164.3, 153.6, 146.7,
138.2, 130.6, 130.3, 124.2, 122.6, 121.2, 119.4, 118.4, 106.9, 73.5, 69.1, 52.3, 31.9,
30.4, 29.8, 29.7, 29.7, 294, 294, 26.2, 26.1, 25.8, 22.7, 14.1; MS (MALDI-TOF):
m/z =1787.5 [M"], 1788.5 [M"+H] (calcd 1787.7); UV/Vis (CH.Cly): Amax (€) = 707
(44800), 436 (18300), 346 (28600), 271 (38600), 245 nm (73700 M cm™); fluorescence
(CH2Cly, Aex =615 nM): Amax = 741 nm; quantum yield (CH,Cl,): @& = 0.34+0.02.

N-Cyclohexyl-1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic acid-3,4-
anhydride-9,10-imide (6): A mixture of 50.0 mg (0.072 mmol) of 4a, 200 mg (3.60
mmol) of KOH, 0.5 mL of water and 3 mL of i-PrOH was brought to reflux. The mixture
was stirred for 2.75 h and poured under stirring into 10 mL of AcOH. The resulting green
precipitate was extracted with methylene chloride, washed with water, dried over

MgSOQO4, and concentrated by rotary evaporation. Column chromatography on silica gel
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(chloroform/acetone/hexane (10/1/9, v/viv)) afforded 28 mg of the starting material 4a
and 17 mg (88%) of 6.

Mp 300-302 °C; '"H NMR (400 MHz, CDCls, TMS): 5= 8.44 (s, 1H), 8.36 (s, 1H) 8.34 (d,
J=8.1 Hz, 1H), 8.30 (d, J = 8.1 Hz, 1H) 7.61 (d, J = 8.1 Hz, 1H), 7.43 (d, J = 8.1 Hz,
1H), 5.03-5.10 (m, 1H), 3.62-3.79 (m, 4H), 2.71-2.90 (m, 4H), 2.55-2.64 (m, 2H), 1.90-
2.10 (m, 10H), 1.70-1.85 (m, 3H), 1.35-1.55 (m, 3H); "*C NMR (100 MHz, CDCl;, TMS):
o=164.4, 161.3, 160.8, 147.1, 146.2, 135.8, 133.4, 130.2, 130.2, 128.7, 126.4, 124.7,
124.3, 123.5, 123.1, 122.3, 122.1, 120.9, 120.4, 119.6, 117.1, 116.8, 114.2, 53.9, 52.4,
52.3, 29.2, 26.6, 25.8, 25.8, 25.5; MS (El, 70 eV) m/z (%) =611.2 (100) [M], 612.2
(41.4) [M"+H] (calcd 611.2); HRMS (El) calcd for C3gH33N30s 611.2420, found 611.2420;
UV/Vis (CH2Cly): Amax (€) = 708 (35900), 436 (14500), 317 (24100), 275 (21900), 250 nm
(45000 M™" cm™); fluorescence (CH2Clo, dex=615 nm): Amax = 746 nm; quantum yield:
@y = 0.14+0.02; elemental analysis: calcd (%) for C3sH33N3Os: C, 74.53; H, 5.39; N,
6.86; found: C, 74.36; H, 5.54; N, 6.87.

N-Cyclohexyl-N'-(4-pyridyl)-1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic

Acid Bisimide (7): N-Cyclohexyl-1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic
acid-3,4-anhydride-9,10-imide (16) (60.0 mg, 98.2 umol) was reacted with 4-
aminopyridine (29.0 mg, 0.29 mmol) in the presence of Zn(OAc), (5 mg, 30.0 pymol) in
quinoline (5 mL) for 4.5 h at 180 °C under argon. After cooling to room temperature, the
mixture was poured on aqueous 2N HCI (5 mL). The product was extracted with 50 mL
of methylene chloride, washed with water, dried over MgSO,4, and concentrated by
rotary evaporation. Purification was achieved by column chromatography on silica gel
with  CH2Cly/methanol (40:2, v/v) to yield 7 (57 mg, 84%) as a dark-green

microcrystalline powder.

Mp > 330 °C; MS (El, 70 eV): m/z = 687.2 [M"] calcd for CysHa7NsO4 687.28; HR-MS
(ESI pos.): m/z = 687.2840 [M"], calcd for CysHazNsO4 687.2845; 'H NMR (400 MHz,
CDCls, TMS): 6=8.77 (d, J=6.1 Hz, 2H, Hp,), 8.39 (s, 1H, Hpe), 8.35 (s, 1H, Hper),
8.27 (d, J=8.1 Hz, 1H, Hper), 8.24 (d, J=8.1 Hz, 1H, Hpey), 7.62 (d, J = 8.1 Hz, 1H,
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Hpery), 7.43 (d, J=8.1 Hz, 1H, Hper), 7.33 (d, J =6.1 Hz, 2H, Hp,), 4.93-5.02 (m, 1H,
Hey), 3.60-3.78 (m, 4H, Hpyroiding), 2.68-2.89 (m, 4H, Hpyroiiding), 2.52-2.58 (m, 2H, Hcy),
1.85-2.00 (m, 10H, Hpyrroiiging and Hey), 1.70-1.74 (m, 2H, Hcy), 1.28-1.50 (m, 4H, Hcy);
*C NMR (100 MHz, CDCls): 5= 164.8, 163.9, 163.8, 151.4, 147.2, 146.6, 144.2, 135.4,
134.0, 130.5, 130.2, 127.6, 126.9, 124.6, 124.6, 123.9, 123.1, 122.9, 122.5, 121.5
121.3, 121.2, 120.4, 119.4, 118.5, 117.7, 54.3, 52.7, 29.6, 27.0, 26.2, 25.9; UV/Vis
(CH2Cl2): Amax (€) = 705 (42800), 436 (17200), 314 (26100), 245 nm (56600 M'cm™);
fluorescence (CHyCly, Aex=615nm): Anax=745 nm, quantum vyield (CH,CIy)
@&y = 0.2540.01.

N,N’-Dicyclohexyl-1-bromo-7-pyrrolidinylperylene-3,4:9,10-tetracarboxylic Acid
Bisimide (8): In a three-necked round-bottom flask equipped with a magnetic stirrer,
reflux condenser and thermometer, a mixture of 95.0 mg (0.133 mmol) of 7,7-3 and 4.30
g (59.7 mol) of pyrrolidine was stirred under Ar for 24 h at 46 °C (inside). The mixture
was poured under stirring into 10 mL of 10% HCI. The resulting green precipitate was
separated by filtration, washed with water (2 x 10 mL) and 10 mL of methanol, dried at
60 °C/10° mbar and purified by column chromatography (CH:Cly) to yield 26.0 mg

(28%) of 7 as a green powder.

Mp > 350 °C; "H NMR (400 MHz, CDCl3, TMS): 6=9.52 (d, J = 8.3 Hz, 1H), 8.87 (s,
1H), 8.63 (d, J = 8.3 Hz, 1H), 8.51 (s, 1H), 8.46 (d, J = 8.3 Hz, 1H), 7.43 (d, J = 8.3 Hz,
1H), 4.98-5.10 (m, 2H), 3.69-3.75 (m, 2H), 2.75-2.85 (m, 2H), 2.50-2.64 (m, 4H), 1.98-
2.18 (m, 4H), 1.89-1.93 (m, 4H), 1.72-1.77 (m, 6H), 1.30-1.47 (m, 6H); "*C NMR (100
MHz, CDCl3): 6= 164.3, 164.2, 163.9, 163.2, 148.4, 137.5, 134.6, 134.2, 131.5, 130.5,
129.7, 129.5, 128.0, 127.3, 125.5, 123.9, 123.4, 122.5, 121.8, 121.4, 118.9, 117.3,
114.9, 54.0, 53.9, 52.7, 29.2, 29.1, 26.6, 25.9, 25.5; MS (MALDI-TOF) m/z = 701.2 [M"]
(caled 701.2); UV/Vis (CH2Cla): Amax (£) = 656 (27300), 437 (15000), 296 nm (25900 M’
cm’™); fluorescence (CH2Cly, dex = 615 NM): Amax = 734 nm; quantum yield (CH,Cl,): & =
0.19+0.01; elemental analysis: calcd (%) for C4oH36BrN3O4: C, 68.38; H, 5.16; N, 5.98;
found: C, 68.15; H, 5.16; N, 6.06.
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N,N’-Dicyclohexyl-1-cyano-7-pyrrolidinylperylene-3,4:9,10-tetracarboxylic Acid
Bisimide (9): N,N-Dicyclohexyl-1-bromo-7-pyrrolidinylperylene bisimide 7 (100 mg,
0.142 mmol), zinc cyanide (67.0 mg, 0.568 mmol), 1,1 -bis(diphenylphosphino)ferrocene
(5.0 mg, 0.01 mmol) and tris(dibenzylideneacetone)dipalladium(0) (10.0 mg, 0.010
mmol) were refluxed in 6 mL dioxane for 20 h under argon. The reaction mixture was
diluted with 20 mL chloroform, filtered through Celite, and the solvent was removed on a
rotary evaporator. The crude product was purified by silica-gel column chromatography
(with CHCI3 as eluent) to yield 77 mg (84%) of 8.

Mp > 350 °C; R; = 0.19 (CHCI3); '"H NMR (400 MHz, CDCl;, TMS): 6=9.50 (d, J = 8.3
Hz, 1H), 8.85 (s, 1H), 8.74 (d, J = 8.1 Hz, 1H), 8.56 (s, 1H), 8.55 (d, J = 7.7 Hz, 1H),
7.34 (d, J = 8.1 Hz, 1H), 5.01-5.07 (m, 2H), 3.70-3.90 (m, 2H), 2.62-2.82 (m, 2H), 2.54-
2.60 (m, 4H), 2.10-2.20 (m, 2H), 2.00-2.10 (m, 2H), 1.90-1.93 (m, 4H), 1.73-1.76 (m,
6H), 1.32-1.49 (m, 6H); *C NMR (100 MHz, CDCls): 5= 164.3, 164.2, 164.0, 163.3,
149.8, 144.2, 138.5, 136.1, 135.8, 133.8, 132.9, 130.4, 129.9, 129.3, 128.5, 126.6,
125.1, 124.6, 122.9, 122.5, 122.0, 120.7, 118.9, 117.8, 103.9, 54.6, 54.4, 53.4, 29.6,
29.4, 26.9, 26.2, 25.8; MS (El, 70 eV): m/z (%) = 648.2 (32.4) [M"], 649.2 (16.5) [M"+H]
(calcd 648.3); HRMS (El) calcd for Cs1H3sN4O4 648.2739, found 648.2733; UV/Vis
(CH2Cla): Amax (€) = 684 (27600), 476 (6600), 425 (15800), 300 nm (23100 M cm™);
fluorescence (CH2Clz, Aex=615nm): Amax =754 nm; quantum yield (CHxCly):
@, =0.10+0.01; elemental analysis: calcd (%) for C41H3sN4O4: C, 75.90; H, 5.59; N, 8.64;
found: C, 75.27; H, 5.75; N, 8.54.
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Chapter 3 Metallosupramolecular Perylene Bisimide-Terpyridine Polymers

Chapter 3

Metal-lon Mediated Self-Assembly of
Terpyridine-anchored Perylene Bisimides into

Extended Rigid Polymers

Abstract. Red and green 2,2".6',2"-terpyridine (tpy)-functionalized perylene bisimide
(PBI) building blocks have been synthesized and their metal-ion directed self-assembly
has been studied in details by 'H NMR, DOSY NMR, and UV/Vis spectroscopy. These
studies revealed that the newly synthesized ditopic bis(tpy)-PBI ligands, in which the tpy
units are directly connected to PBI moieties at the imide positions, form coordination
polymers upon addition of Zn(ll) ion in a reversible manner. Atomic force microscopy
(AFM) investigations have shown formation of extended rigid polymers which coat
closely packed film with linear arrangement on graphite surface. Multilayer film of two
different coordination polymers in alternate fashion could be prepared by layer-by-layer
deposition technique and surface density ' of perylene bisimide chromophores in film

could be estimated.
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Introduction

Since the end of nineteenth century, polymer chemistry has been playing a
significant role in natural and applied sciences." Till present time, the concepts of
covalent chemistry are the dominant tools for the synthesis of polymers. However, with
the vigorous development of supramolecular chemistry since 1980s, the utilization of
reversible and highly directional noncovalent interactions has become increasingly more
popular for the construction of supramolecular polymers.”®! The noncovalent interactions
that have been amply applied for supramolecular polymers are hydrogen bonding,!!
dipolar,®! solvophobic,*®® r-r-interactions,/”? and metal ion-ligand coordinations.®
Compared to the relatively weak hydrogen bonding, ionic and n-n-interactions, the metal
ion coordination is a significantly stronger binding interaction and the thermodynamic
and kinetic stability of coordination bond can be fine-tuned by choosing proper
combination of ligand types and metal ions. Thus, metal ion-ligand coordination is a
versatile tool for the preparation of coordination polymers by supramolecular approach.®!

The fact that a large number of pyridine-based ligands are commercially available
and many of them can be structurally modified by simple chemical transformation, the
pyridine-functionalized building blocks are very suitable and prominent for investigating
the polymerization through metal ion coordination. In particular, bipyridine and
terpyridine ligands are of interest as they can coordinate a large variety of metal ions.
Specifically, the 2,2".6',2"-terpyridine (tpy) derivatives exhibit strong chelating affinity with
many transition metals.”’ A broad structural variation of tpy ligand has been utilized to
tailor the properties of its metal complexes, which possess distinct optical, photophysical,
electrochemical and magnetic properties,'®*'” and are valuable functional materials for
light-emitting diodes, solar cells and sensors.B¢"!"!

Perylene bisimide (PBI) dyes are an important class of chromophores with excellent
optical and electronic properties,!'” and they have been amply applied to create
supramolecular assemblies by metal ion-ligand coordination,®®?"! hydrogen binding!""
and n-n-interactions!"®. Furthermore, PBI dyes have been successfully incorporated in

conventional covalent polymers and block copolymers.!"®
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Our group has recently reported that metal-ion directed self-assembly of tpy-
functionalized red tetraphenoxy-substituted perylene bisimides (tpy-Ph-PBI in Chart 1)
that contain phenylene spacers connecting the imide groups with tpy ligand leads to the
formation of coordination polymers with chain lengths of about 15 repeat units.’*®! One of
the limitations of tpy-Ph-PBI building blocks was an only moderate solubility which was
attributed to the extended n-system. For this reason only perylene bisimides with bulky
bay substituents could be achieved in high purity and transformed to supramolecular
coordination polymers by addition of zinc(ll) and iron(ll) salts. It appeared to us that a
direct attachment of terpyridine receptor groups to the perylene bisimide chromophore
should afford better soluble dyes owing to a less flexible receptor unit that cannot form a

planar arrangement with the perylene unit for steric reasons (Chart 1).

4
2ees
f

tpy-Ph-PBI
X Y. 0
o2
N
Y X
tpy-PBI

[8e]

Chart 1. General structures of previously investigated tpy-Ph-PBI
tpy-PBI.

and newly designed building blocks
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This Chapter introduces the newly designed well soluble red and green!'” PBI
building blocks, that do not contain phenylene spacers (for general structure, see tpy-
PBI in Chart 1). Upon metal ion coordination of there red and green PBls extended rigid
metallosupramolecular polymers with chain length of up to 35 repeat units are formed
that cover the whole visible absorption range and can be deposited in alternate fashion

by layer-by-layer technique.
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Results and Discussion

Synthesis of Tpy-anchored PBI Ligands. The ditopic bis(terpyridine)-functionalized
perylene bisimide 3 and 4a,b were synthesized by imidization of the respective
perylene-3,4:9,10-tetracarboxylic acid bisanhydride 1'"® and 2a, b!"**'%l with 4'-amino-

2,2":6',2"-terpyridine!"® in pyridine/imidazole mixture in 46-59% isolated yield (Schema 1).

3:X=H,Y =Pyr
= p-tOctPhO) 4a: X, Y = p-tOctPhO

(= p-tBuPhO) 4b: X, Y = p-tBuPhO

Y X Y X
0 0]
8w D
T D
6] 0

5:R=—-%(=Cy);X=H,Y=Pyr 7:R=Cy,X=H,Y = Pyr

6: R = n-C4Hg; X, Y = p-tBuPhO 8: R =n-C4Hg; X, Y = p-tBuPhO
Scheme 1. Synthesis of bis(tpy)-PBI ligands 3 and 4a,b, and monotopic reference compounds 7 and 8: a)
4'-amino-2,2":6',2"-terpyridine, pyridine/imidazol (2:1) mixture, argon, 120 °C, 48 h, 59% vyield for 3; 24 h,

46% vyield for 4a and 50% yield for 4b; b) 4-amino-2,2":6',2"-terpyridine. pyridine/imidazol (2:1) mixture,
argon, 120 °C, 50 h, 68% yield for 7; 48 h, 50% yield for 8.

The monotopic reference compounds 7 and 8 were prepared similarly by condensation

of 4'-amino-2,2":6',2"-terpyridine with the corresponding perylene-3,4:9,10-tetracarboxylic
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acid-3,4-anhydride-9,10-imide 5!""% and 6['*?! in 50 - 68% yield. The newly synthesized
terpyridine-functionalized PBI building blocks were properly characterized by 'H NMR,

MS, and in same cases also by elemental analysis.

Complexation of Monotopic Ligands with Zn(ll) lon. Prior to investigating the self-
assembly properties of bis(tpy)-PBI ligands under metal-ion mediation, the complexation
of monotopic reference compounds 7 and 8 with Zn(ll) ion was studied as these ligands
should form dimeric complexes at a 2:1 ratio of ligand and Zn(ll) ion,®® and the
spectroscopic data, in particular '"H NMR data, of such dimers will be helpful for the
elucidation of supramolecular polymerization of ditopic ligands.

Indeed, the addition of zinc triflate (Zn(OTf),) to ligands 7 and 8 in chloroform/methanol
(60:40) mixture led to the formation of respective dimer complexes (Scheme 2) as
confirmed by '"H NMR and MALDI-TOF mass spectrometry.

Zn(OTf),
(0.5 equiv.)
CHCI3/CH,0H

7or8 P a—

(7),Zn(OTf),: R = Cy, X = H, Y = Pyr

(8)2Zn(0OTf),: R = n-C4Hg; X, Y = p-tBuPhO

Scheme 2. Formation of metallodimers (7),Zn(OTf), and (8),Zn(OTf), by Zn(ll)-ion-mediated self-
assembly of mono(terpyridyl)-PBI ligands 7 and 8 at a 2:1 stoichiometry of ligand/Zn(OTf), in
chloroform/methanol (60:40) mixture.

The 'H NMR spectra measured for different ratios of ligand 7 or 8 and Zn(OTf), provide
clear indication for the formation of corresponding metallodimer (7).Zn(OTf), and
(8)2Zn(OTf), at an exact 2:1 ratio of ligand/Zn(ll) ion (Figure 1). After achieving a 2:1
ratio of tpy-ligand/Zn(ll) ratio, the signals of free terpyridine ligands disappeared and a

new set of sharp signals arise with a strong upfield shift of 6,6" protons from 8.65 and
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8.72 ppm to 7.87 and 8.07 ppm compared with those of the free ligands 7 and 8,
respectively. Due to the different chemical environment of the 6,6" protons in complex
compared to those of the free ligand, the upfield shift of the 6,6" signals, which is mainly
caused by the aromatic shielding effect of the neighboring second tpy unit, is
characteristic for di(terpyridine) metal complexes,®®'¥ thus the observed NMR
properties confirm formation of coordination dimer complexes (7)2Zn(OTf), and
(8)2Zn(OTH),.

a)

2:0.25

2:0.5

2:05
. J_Aﬂ«_uu

2:0.75 2:0.75

MMJUL__ —_—

2:1 21 #

4 *

oo L b

92 88 84 80 76 72 92 88 84 80 76 72 68
3/ ppm o/ ppm

i?ii

Figure 1.Aromatic region of '"H NMR spectra at different ligand/Zn(ll) ion ratios (2:0 to 2:1): a) for the
monotopic ligand 7 and zinc triflate in CDCI;/CD3;0D (60:40, 5 mM) from free 7 (upper spectrum) to dimer
(7)2Zn(OTf), (bottom); b) for the monotopic ligand 8 and zinc triflate in CDCI3/CD3;0D (60:40, 3.5 mM) from
free 8 (upper spectrum) to dimer (8),Zn(OTf), (bottom). Ratio of 7:Zn(ll) ion (a) and 8:Zn(ll) ion (b) is given

on the respective spectrum. Signals for H3',5' protons are marked with # and that of H6,6" protons with *.
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Further evidence for the formation of dimer complexes was obtained by MALDI-
TOF mass spectrometry.!'® 2% |n Figure 2 the MALDI-TOF mass spectra of complexes
(7)2Zn(OTf), and (8)2Zn(OTf), are shown.

a)
841.2 10542
1895.5
' 1746.5 '|
! |
L L
800 1000 1200 1400 1600 1800 2000
m/z
b) 1270.3
2754.0
2605.0
1484.4 —
1732.3
SRR Y V00 1 N S N
1000 1500 2000 2500 3000
m/z

Figure 2. MALDI-TOF mass spectra of Zn(ll) ion complexes of monotopic ligands 7 (a, dithranol matrix[zﬂ)

and 8 (b, DCTB matrix?"") showing the mass peaks (m/z = 1895.5) for (7),Zn(OTf) and (m/z = 2754.0) for
(8)2Zn(OTf). The peaks at m/z = 1746.5, 1054.2, and 841.2 correspond to (7).Zn, (7)Zn(OTf), and ligand 7,
respectively. The peaks at m/z=2605.0, 1732.3, 1484.4, and 1270.3 correspond to (8).Zn,
(8)Zn(OTf)(DCTB), (8)Zn(OTf), and ligand 8, respectively.

The two peaks observed at m/z = 1895.5 and 1746.4 in upper spectrum (Figure 2a) can
be assigned to charged dimeric species [(7)2(Zn)(OTH]" and [(7)2(Zn)]**, respectively.
The additional two prominent peaks in the lower m/z region of the this spectrum at
m/z = 841.2 and 1054.2 correspond to the fragmented species [(7)(Zn)(OTf)]" and free
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ligand 7. The major peaks in the higher range of mass spectrum of (8),Zn(OTf),
(Figure 2b) at m/z = 2754.0 and 2605.0 correspond to the singly and doubly charged
ions [(8)2(Zn)(OTf)]" and [(8)(Zn)]**, respectively. The three most prevalent peaks in the
lower m/z region of this spectrum, namely m/z = 1270.3, 1484 .4, and 1732.3, agree well
with the smaller species that are most likely originated from the fragmentation of the

dimer complex (8),Zn(OTf), in the gas phase.

Supramolecular Polymerization of Ditopic Ligands by Zn(ll) lon Coordination.
Since the monotopic tpy-PBI ligands form dimeric complexes with Zn(ll) ion at a 2:1 ratio
as described above, it is expected that the ditopic bis(tpy)-PBI ligands 3 and 4 will form
metallosupramolecular polymers with one equivalent of Zn(ll) ion. Since the ligand 4a
and 4b are very similar, except the former contains better soluble fert-octyl side chains
while the latter tert-butyl groups, ligand 4a was chosen for detailed investigations. To
study the complexation of bis(tpy)-PBI ligands 3 and 4a with Zn(ll) ion "H NMR titration
experiments were performed in a mixture of chloroform[D]/methanol[D,4] (60:40) using
0.2 to 2.2 equivalents of zinc(ll) triflate (in portions of 0.2, 0.4 or 0.5 equiv.) under
ambient conditions. The 'H NMR spectra obtained for different ratios of ligand 3/Zn(ll)
ion and ligand 4a/Zn(ll) ion are shown in Figure 3. For both ligands, upon addition of the
first batches of zinc triflate a significant signal broadening of the characteristic proton
signals of terpyridine ligand was observed. At an exact 1:1 stoichiometry of ligand/Zn(Il)
ion, the signals of uncomplexed ligands disappeared totally, as it was the case for
reference monotopic ligands 7 and 8 at 2:1 ligand/Zn(ll) ion ratio, and a new set of broad
but defined signals arisen with a upfield shift of the tpy H6,6" signals of ditopic ligands 3
and 4a from 8.71 and 8.66 ppm to 8.07 and 7.92 ppm, respectively. These 'H NMR
observation indicate the formation of coordination polymers 9 and 10 from ditopic

ligands 3 and 4a, respectively (Scheme 3).
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Zn(OTf),
(1 equiv.)
CHCI3/CH30H

3orda

9: X=H,Y =Pyr
10: X, Y = p-tOctPhO

Zn(OTf),
(excess)

CHC|3/CH3OH/

11: X=H,Y = Pyr
12: X, Y = p-tOctPhO

Scheme 3. Formation of coordination polymers 9 and 10 by Zn(ll)-ion-mediated self-assembly of ditopic

(tpy)-PBI ligands 3 and 4a, respectively, at a 1:1 stoichiometry of ligand/Zn(OTf), in chloroform/methanol

(60:40) mixture, and dissociation of the metallopolymers into monomeric complexes 11 and 12, and

oligomeric species upon addition of excess amounts of zinc(ll) triflate.

Once the 1:1 stoichiometry is exceeded upon further addition of Zn(OTf),, the intensity

of proton signals of polymers is decreased and a new set of signals comes up that

become fairly sharp at a ratio of around 1:2 (see right panels in Figure 3) which is

indicative for reversible complexation of ditopic ligands to Zn(ll)-ion, resulting in

fragmentation of polymers to oligomeric or monomeric species such as 11 and 12
(Scheme 3).
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a) CHCI,
CHCl,

1:0.4
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Figure 3. 'H NMR spectra at different ligand/Zn(ll) ion ratios: a) for the ditopic ligand 3 and zinc triflate in
CDCI3/CD;OD (60:40, 5 mM) from free 3 (upper spectrum, left) to polymer 9 (bottom, left) and the
fragmented decomplexed form 11 (bottom, right); b) for the bis(tpy)-PBI ligand 4a and zinc ftriflate in
CDCI5/CD;0D (60:40, 3.5 mM) from free 4a (upper spectrum, left) to polymer 10 (bottom, left) and the
fragmented decomplexed form 12 (bottom, right). The ratio of ligand/Zn(ll) ion is given on the respective

spectrum.
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'H DOSY NMR Investigations. To provide future evidence for the formation of polymers
by Zn(ll)-ion mediated self-assembly of ditopic ligands 3 and 4a, the 'H NMR diffusion-
ordered spectroscopy (DOSY)®?? experiments were performed, since DOSY NMR
spectroscopy has recently been successfully applied to characterize supramolecular
coordination polymers, whose labile and dynamic nature quite often limits the success of
conventional techniques for the characterization of polymers.®®! The DOSY spectra
were measured in chloroform[D]/methanol[D4] (60:40) mixture at 25 °C first for each
ditopic ligand (3 and 4a) alone, and then after addition of one equivalent of Zn(OTf), to
the solution of the respective monomer providing the formation of coordination polymers
(9 and 10), and subsequently after the addition of 2 equivalents of zinc(ll) triflate leading
to degradation of polymer strand and formation of short oligomeric or monomeric
fragments. The '"H DOSY NMR spectra for ditopic ligands 3 and 4a are shown in
Figure 4. The ditopic ligand 3 with a molecular weight of 991.6 g/mol shows a diffusion
coefficient value of D =3.76x10"° m?s™" (log[D/m?s"] =-9.42) and, as expected, the
bis(tpy)-PBI ligand 4a with a higher molecular weight of 1670.3 g/mol exhibits a little
smaller diffusion coefficient value of D=3.47x10"" m?" (log[D/m?s"] =-9.46). A
significant decrease of D values to D =7.19x10"" m?s™ (log (D/m?s™) =-10.14) and
D =5.84x10"" m?s™ (log (D/m?s™") =-10.23) was observed, when one equivalent of
Zn(OTf), was added to 3 or 4a (see Figure 4b,e). These diffusion coefficient values are
one order of magnitude smaller than those of the respective ditopic monomers,
indicating formation of extended polymers with high molecular weight.

Upon addition of an excess amount of Zn(ll) ion to the polymer solution, a strong
increase of diffusion coefficient value is observed that points the fragmentation of the
coordination polymer to oligomeric species with smaller molecular weight (Figure 4c,f).
When a 1:2 stoichiometry of ligand/zinc(ll) ion is reached, the diffusion coefficient
increased to a value of D=222x10"m%" (log[D/im®s"]=-9.65) and
D =2.45x10" m?s™ (log[D/m?s™'] =-9.61) which are pretty close to the values for
monomeric ligands, suggesting fragmentation of polymers into monomeric complexes
11 and 12.
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Figure 4. Aromatic regions of the '"H DOSY NMR spectra for bis(tpy)-PBI ligands 3 (a) and 4a (d),
supramolecular polymers 9 (b) and 10 (e), and complexes 11 (c) and 12 (f) in chloroform[D]/methanol[D,]
(60:40) at 25 °C; [3] = 4.9x10™ M, [4a] = 3.6x10™ M. The diffusion coefficients D [m?s™"] are plotted in a
logarithmic scale (log[D/m?s™"]) against the chemical shift 5. The signal of residual chloroform can be seen
at 7.51 ppm (log[D/m?s™"] = -8.65).

Optical Properties. The optical properties of the present tpy-PBI ligands and their Zn(Il)
ion complexes have been explored by UV/Vis absorption and fluorescence spectroscopy.
Uncomplexed monotopic 7 and ditopic 3 ligands show the characteristic absorption

bands of the dipyrrolidinyl-substituted perylene bisimide chromophore!'” between 600
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and 800 nm (& = 45000-50000 M'cm™) and 375-475 nm (¢ = 18000-20000 M'ecm™) in
dichloromethane (see Figure 5a and Figure 6).The monotopic ligand 8 containing tert-
butyl-phenoxy substituents exhibits in dichloromethane absorption bands with maxima at
Amax = 581, 541, and 453 nm reflecting the very characteristic spectral feature of
tetraaryloxy-substituted perylene bisimide (Figure 5b and Figure 7)."*2¢a An extinction
coefficient of € = 46100 M'cm™ was found for the absorption at 581 nm. For ditopic tert-
octyl-phenoxy-substituted ligand 4a, the absorption maxima are marginally shifted
relative to the maxima of monotopic ligand 8 and are observed at Amax (€) = 588 (50800),
550 (30300) and 456 (17200 M'ecm™) nm. Note, that the change of tert-butyl by tert-octyl
groups in the periphery of chromophore does not influence its absorption
properties.®'* |n the case of all four tpy-PBI ligands, absorption at wavelength below
350 nm was observed for terpyridine units. It is to note that the coordination of Zn(ll) ion
to tpy units has slight effect on the absorption profile of chromophores (Figures 5, 6, and
7).
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Figure 5. UV/Vis absorption spectra: a) monotopic ligand 7 (solid line) and dimer (7),Zn(OTf), (dashed
line) in CHCI3/MeOH (60:40) at 25 °C; b) monotopic perylene bisimide ligand 8 (solid line) and
metallodimer (8),Zn(OTf), (dashed line) in CHCIz/MeOH (60:40) at 25 °C.

For dimeric complexes (7)2Zn(OTf), and (8)2Zn(OTf), in chloroform/methanol mixture
(60:40), extinction coefficients of 78400 (at 723 nm) and 100700 M'cm™ (at 591 nm),
respectively, are observed which are two-times higher than those for the respective
monotopic ligands 7 (40300 M'cm™ at 715 nm) and 8 (51200 M'cm™ at 588 nm).
UV/Vis titration experiments of ditopic ligands with zinc(ll) triflate were carried out to

explore the influence of metal-ion coordination on the absorption properties of PBI
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chromophore. Figures 6 and 7 show the changes in UV/Vis spectra of the ditopic
building blocks 3 and 4a, respectively, during constant-host titration in a mixture of
CHCI3/CH30H (60:40) by using 0.2 to 1.4 equivalents of zinc(ll) triflate.
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Figure 6. Spectral changes upon addition of zinc(ll) triflate to ditopic perylene bisimide ligand 3 in
CHCI3/MeOH (60:40) at 25 °C: a) absorption spectra, inset shows apparent absorption coefficient as a
function of the Zn(ll) ion/3 ratio; b) fluorescence spectra, ¢ = 2x10° M, insert shows the fluorescence
quantum yields as a function of zinc(ll) ion/3 ratio. The arrows indicate the spectral changes with
increasing amount of Zn(ll) ion.
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Figure 7. Spectral changes upon addition of zinc(ll) triflate to ditopic perylene bisimide ligand 4a in
CHCI;/MeOH (60:40) at 25 °C: a) absorption spectra, inset shows apparent absorption coefficient as a
function of the Zn(ll) ion/4a ratio at 320 and 545 nm; b) change of fluorescence intensity of ditopic
perylene bisimide ligand 4a upon addition of zinc(ll) ion (¢ = 2x10° M), insert shows the fluorescence
quantum vyields as a function of zinc(ll) ion/4a ratio. The arrows indicate the spectral changes with
increasing amount of Zn(ll) ion.
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For both ligands, upon addition of Zn(ll) ion only slight changes in the absorption
spectrum of the perylene bisimide chromophore are observed. When the 1:1
stoichiometry of ditopic ligand/Zn(ll) ion was reached, the created polymers 9 (Figure 6)
and 10 (Figure 7) exhibit a small decrease in the absorption coefficient and a red-shift of
the absorption maximum from 721 and 593 nm to 722 and 596 nm, respectively. Upon
addition of one equivalent of zinc(ll) ion, an increase in absorbance between 300 and
350 nm, corresponding to the change in tpy absorption, is observed that can be
assigned to the complexation of the tpy unit which fixes the three pyridine units in an all-
cis conformation. %!

Furthermore, the fluorescence properties of ligands, dimeric complexes, and
coordination polymers have been studied. Upon excitation at 550 nm, monotopic (8) and
ditopic (4a) ligands exhibit an intense emission at Amax = 611 and 618 nm, respectively,
which is characteristic for tetraaryloxy-substituted PBI chromophores.!'#15216a The
fluorescence quantum yields are determined as ®; = 0.89 (for 8) and 0.96 (for 4a) in
dichloromethane. The pyrrolidinyl-substituted perylene bisimide compounds 3 and 7
exhibit fluorescence maxima at Anax = 746 and 750 nm upon excitation at 615 nm with
fluorescence quantum yields of ®; = 0.19 and 0.26, respectively, in dichloromethane.!'”
The influence of Zn(ll) ion complexation on the fluorescence properties of the PBI
fluorophore unit was investigated by fluorescence titration experiments. Figures 6b and
7b show the fluorescence changes for ditopic tpy-PBI ligands 3 and 4a during titration
with zinc(ll) triflate in chloroform/methanol (60:40) mixture at room temperature. To
notice, that the fluorescence quantum yields of ditopic ligands 3 and 4a in titration
solvent chloroform/methanol mixture, comparison with those observed in
dichloromethane, are reduced from @®;=0.19 and 0.96 to ®;=0.098 and 0.91,
respectively, which is apparently due to the solvent polarity. Upon addition of zinc(ll)
triflate, the fluorescence intensity decreases slightly once the 1:1 stoichiometry of
ligand/Zn(ll) ion is achieved and, accordingly, the fluorescence quantum vyield of
coordination polymers 9 and 10 can be determined as @5 = 0.093 and 0.85, respectively
(see insets in Figures 6b and 7b). The complexation of tpy unit with zinc(ll) ion has
almost no effect on the fluorescence quantum yield of perylene bisimide unit, in contrast

to complexation with Fe(ll) ion where the fluorescence of the perylene bisimide
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fluorophore is completely quenched.®®! Furthermore, the fluorescence lifetimes of
monotopic ligands, dimeric complexes and coordination polymers have been determined.
For the monotopic ligands 7 and 8, fluorescence lifetime values of 1.6 ns (Aex = 660 nm,
Aem =745 nm) and 7.7 ns (Aex = 540 nm, Aem =617 nm), respectively, in chloroform-
methanol mixture are found. The complexation of ligands with Zn(ll) ion, leading to
formation of dimeric species (7)2Zn(OTf), and (8),Zn(OTf),;, did not influence the
fluorescence lifetime (z = 1.7 and 7.5 ns for (7)2Zn(OTf), and (8)2Zn(OTf),, respectively).
The fluorescence lifetimes of both ditopic ligands 3 and 4a in CH,Cl, are determined as
t=3.8NS (Aex =660 NM, Aemy =745 nm) and 6.6 ns (Aex = 540 NM, Aen =617 nm),
respectively. In more polar solvent DMF, a slight decrease of lifetimes, compared with
those in CHCIy, is observed (= 2.5 ns (Aex = 660 NM, Aey = 770 nm) for 3 and t=4.9 ns
(Aex = 540 Nnm, Aem =617 nm) for 4a). Upon addition of zinc(ll) ion the fluorescence
lifetime of the ditopic ligands 3 and 4a remains almost unchanged and at a 1:1 ratio of
ligand/Zn(ll) ion lifetime values of r = 2.2 and 4.4 ns for coordination polymers 9 and 10

in DMF, respectively, are obtained.

AFM Investigation of Coordination Polymers. The structural properties and
organization on surfaces of polymers formed by Zn(ll)-ion mediated self-assembly of
ditopic ligands 3 and 4a have been investigated by atomic force microscopy (AFM). The
filamentous appearance of polymers 9 and 10 on muscovite mica and highly ordered
pyrolytic graphite (HOPG) can be clearly seen in AFM images (Figure 8 and 9). In
contrast, for the free ditopic ligands 3 and 4a only adlayers without any ordered structure
could be observed on both substrates (not shown here). Figure 8 depicts AFM images of
thin films spin-coated onto mica from diluted DMF solutions of polymers 9 and 10.

AFM images of coordination polymer 10 revealed the presence of very long and
rigid self-assembled polymeric strands with length up to several hundred nanometers
(up to 400 nm, Figure 8a, b). The mean length of polymeric chains averages to 80 nm.
Since the length of the respective ditopic monomer 4a can be estimated as about

2.3 nm from structural modeling calculations (see Figure 10),*!

it is suggestive that the
polymeric strand consists of more than 35 repeat units. Based on this value, the

molecular weight of coordination polymer can be approximately estimated as
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~ 60000 g/mol. The diameter of the polymer strand 10 was determined from molecular
modeling and averages to 1.7 nm (Figure 10). From the AFM images it can be seen that
the neighboring polymeric strands incline to interact with each other leading to the
formation of two dimensional (2D) self-assembled film with a height of 1.5£0.3 nm. This
value is in good agreement with the calculated diameter of the polymer chain. The

lateral distance between neighbor strands (distance between red triangles in Figure 8c)

is measured to be 4.2+0.4 nm.

nm

Figure 8. Taping mode AFM images of coordination polymers 10 (a, b) and 9 (d, e) on mica spin-coated
(4000 rpm) from DMF solution (0.05 mg/mL); (a, d) high-resolution height AFM images, (b, e) phase
images, insets show magnified phase images; (c, f) cross sections along the yellow dash line a-b (a), c-d
and e-f (d). Horizontal distance between the red triangles corresponds to the lateral distance between
polymer strands 10 (c) and 9 (f, upper image). In all AFM images, the scale bar corresponds to 100 nm,

the z data scale is 3 nm (a) and 4 nm (d).
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The interaction between the coordination polymers and mica substrate is of electrostatic
character because, in contrast to positively charged coordination polymers, the freshly
cleaved mica bears negative charges. Mica with a chemical composition of
KAI(AISiz010)(OH)2 has a monoclinic crystalline structure with 2/m symmetry and its
cleaved surface is characterized by partially delocalized negative charges in
combination with weakly bound, localized positive charges of K* ions.* The strong
electrostatic interaction between positively charged polymers and negatively charged
mica leads to the formation of a wide spread monolayer film, in which the polymeric
chains are pressed to the surface, and hence the polymer strands appear broader. In
contrast to our previously reported flexible metallosupramolecular polymers that are
constructed from similar building blocks, but contain phenylene spacers (see Chart 1),1!
the newly designed building blocks that lack such spacers indeed provide rigid polymeric
strands.

In contrast to 2D self-assembled film of polymer 10 strands, the individual chains
of coordination polymer 9 can be clearly seen on mica (Figure 8d, e). The height profile
of the cross sections c-d and e-f provided a height of 1.3£0.2 nm, which is in very good
agreement with calculated diameter of polymeric strand of 1.2 nm (Figure 10), and the
distance between polymeric strands is estimated to be 3.4+0.3 nm (red triangles in
Figure 8f). The reason, why the polymeric chain of 9 is more narrow than that of 10, is
may be the less steric demand of the pyrrolidine substituents in 9 compared to that of
phenoxy substituents in 10. The individual fibers appear to be flexible and have contour
lengths in the order of up to 75 nm. Molecular modeling revealed a length of 2.3 nm for
monomeric building block 3 (Figure 10). Comparison of the measured length with the
calculated model suggests that a single polymeric chain is consisted of approximately
30 repeat units, corresponding to a maximal molecular weight of ~ 30000 g/mol. Despite
the fact that both polymer samples are prepared under the same conditions, the chains
of coordination polymer 9 are a bit shorter than those of polymer 10. This difference,
however, might be explained by slightly imbalanced ligand/metal ion stoichiometry
and/or the disassembling and spreading of the polymeric fibers on the surface during the

sample preparation by the spin-coating process.
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Figure 9 depicts the AFM images of thin films prepared by spin-coating of
solutions of polymers 9 and 10 in DMF onto HOPG. So called adlayer with average

height of 0.4+£0.2 nm could be observed for both polymers on the graphite surface.

Figure 9. AFM images of thin films prepared by spin-coating (4000 rpm) of DMF solutions (0.05 mg/mL) of
coordination polymers 10 (a, b) and 9 (c, d) on HOPG. (a, c) Topography AFM images; (b, d) phase
images. Insert in (c) shows FFT analysis spectrum of linear arrangement in image (c). Directions of linear
structures (d) are indicated with yellow arrows. In all AFM images, the scale bar corresponds to 100 nm,

the z data scale is 2 nm (a) and 1 nm (c).

The rigid polymeric strands that stretch up to several hundred nanometers formed close-
packed film with linear arrangement under the influence of HOPG basal plane, while the
respective free ditopic ligands 3 and 4a form unordered ad-layers on graphite.
Furthermore, 2D fast Fourier transformation (FFT) method was used for the
determination of specific frequencies. FFT analysis revealed a frequency of 4.6+0.5 nm

for the linear arrangement of coordination polymer 9 and 5.0+0.5 nm for polymer 10.
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It is important to note that in the linear structures, three orientations with an angle of 60°
were found (yellow arrows in Figure 9d). This indicates an alignment of the self-
assemblies of coordination polymers along the graphite axes as the HOPG has a
hexagonal crystalline structure with 6/m and 2/m symmetry.?¥ Its crystals have lamellar
structure with a perfect cleavage in one direction, similar to the mica. However, the
important difference to mica is that no free charges appear after the cleavage of HOPG.
Thus, whilst individual polymeric chains are attached to mica in a strongly bound
irreversible manner, well-ordered self-assembled two-dimensional adlayers are formed
on the HOPG template. In view of the adsorption orientation, the association between
the coordination polymer and the graphite surface is dominated by weak van-der-Waals
forces between the both perylene bisimide n-system and alkyl residues with the basal
plane of HOPG. In addition, the molecular film may also be stabilized through

intermolecular interactions between the individual polymeric chains.

Figure 10. Molecular modeling of coordination polymers 9 (a) and 10 (b).”® Three repeat units are shown,
carbon atoms are presented in grey, nitrogen and oxygen in blue are red, respectively, and zinc atoms in

green.
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Electrostatic Self-Assembly of Coordination Polymers. The layer-by-layer (LBL)
deposition technique developed by Decher et al. in 1991%°! has been applied to
fabrication of many polyelectrolyte films including those that incorporate water-soluble
PBI dyes and a first example for PBI coordination polymers.””! In our study, the
different metallosupramolecular coordination polymers were used for the preparation of
multilayer film in alternate fashion. LBL films were prepared by repetitive cycles of
immersion of the quartz plate, which was before processed with poly(ethylene imine)
(PEI) solution to ensure the contact between the quartz substrate and the subsequent
layers, into solutions in the following order: an aqueous solution of poly(styrene
sulfonate) (PSS), water, a polymer solution (9 or 10 alternately) in DMF with a
concentration of 1 mM, a DMF/water mixture (50:50), and again water. The growth of
the multilayer on the quartz surface was monitored by UV/Vis spectroscopy. The spectra
were recorded after each step in the assembly process of coordination polymer on PSS
layer. Figure 11a shows a series of absorption spectra for the formation of films on
quartz plate. The inset depicts the absorbance at 330, 480, 590, and 700 nm as a
function of the number of layers of polymers 9 (odd-numbered) and 10 (even-numbered).
The construction of multilayer film begins with electrostatic adsorption of positively
charged coordination polymer 9 on negatively charged PSS layer and, further, alternate
adsorption of PSS and second polymer 10. The growth of LBL film can be determined
by the increase in the UV/Vis absorption intensity in spectral region for the
corresponding polymer (Figure 11a). The broad bands in the range 650-800 nm and
520-620 nm correspond to the electronic transitions Sp—S in the pyrrolidinyl- and tert-
octyl-phenoxy-substituted perylene bisimide, respectively, while the complexed
terpyridine units absorb in the spectral region between 300-350 nm (Figure 11a). The
absorption profile of alternate multilayer film exhibits the combined absorption spectra of
both coordination polymers.”® No significant shift of absorption maxima of
chromophores in film could be observed compared to those in the solution. But, in
contrast to UV/Vis spectra of coordination polymers in solution (see Figures 6a and 7a),
in LBL film the shape of UV/Vis bands are significantly broadened, which is indicative for

the aggregation of polymers on surface.
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[ el 3N |

Figure 11. (a) UV/Vis spectra of self-assembled alternate multilayers [Quartz/PEI/(PSS/9)e/(PSS/10)e].
The inset shows the absorbance at the absorption peaks 330 (m), 480 (o), 590 (A ), and 700 nm (e) as a
function of the number of layers of coordination polymers 9 and 10. The arrows indicate the change of
absorbance with increasing number of layers. (b-d) Height AFM images of quartz substrate (b), PEI/PSS
layer (c) and film after deposition of coordination polymers (d); white scale bar in all images is 1 ym; z
data scales are 15 (b), 70 (c), and 25 nm (d). The insets depict AFM angle view images.

The surface density I' of the perylene chromophore films for every deposition step
can be calculated according to the equation I = [AA-eA'1-/“1]/2, where A, is the absorbance
of the film at A, ¢, is the molar extinction coefficient of perylene bisimide chromophore,
and / is the number of layers in film. It is to note that the calculation of surface coverage

is an approximation since only the molar extinction coefficient of the isotopic solution in
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CH,Cl, is known. Using the average molar extinction coefficient of 48200 M 'cm™ at 714
nm for ligand 3 and 50800 M'cm™ at 588 nm for ligand 4a, the values for the surface
coverage can be estimated as 0.8 and 0.6 monomer units/nm? that correspond to a
space requirement of 1.2 and 1.6 nm?monomer units for 3 and 4a, respectively.
However, from molecular modeling studies®® (Figure 10) the space requirement of
monomeric perylene bisimide building block can be estimated as about 2-3 nm? for 3
and about 3-5 nm? for 4a depending on the conformation of the tert-octyl-phenoxy
substituents and the density of the packing provided that the units are aligned parallel to
the surface. Therefore, one layer of the coordination polymer 9 consists of two polymer
strands, while the layer of the coordination polymer 10 contains approximately three
polymer strands. These approximate values of the surface coverage indicate
aggregation of the polymer fibers on the substrate surface.

The investigation of the substrates under an optical microscope revealed a
homogeneous film. Furthermore, the AFM investigations of quartz substrate before and
after deposition of coordination polymers were carried out. The topography and the
surface roughness of the quartz substrate, PSS sample, and a six double layer sample
of PSS/coordination polymer 10 was examined. In Figure 11b-d, three tapping mode
images with insets showing AFM angle view images are presented. The very flat quartz
substrate became rough-textured surface after deposition of PEI/PSS layers. Once
polymers are adsorbed on top of the PSS films, the surface becomes again smooth. In
the case of a negatively charged PSS layer, the positively charged polymers with
extended aromatic system of the perylene bisimide are concentrated at the surface and
can jointly aggregate by n-n interaction forming the plane film. The AFM measurements
reveal that the surface roughness of PEI/PSS multilayer is a factor of 4 larger than that
for PSS/polymer multilayer film. The root mean square (RMS) value of the surface
roughness was determined to be 1.2, 9.2, and 2.1 nm for the quartz substrate (b),
PEI/PSS film (c), and PSS/coordination polymer multilayer film after deposition of twelve

polymer layers (d), respectively.
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Conclusions

With new red and green tpy-PBI building blocks highly soluble, extended rigid
supramolecular coordination polymers could be obtained by zinc(ll)-ion directed self-
assembly of bis(2,2":6',2"-terpyridine)-anchored perylene bisimide dyes. 'H DOSY NMR
technique was used to examine the change of diffusion coefficient of the bis(tpy)-PBI
system upon stepwise addition of Zn(ll) ion that leads first to the formation of
coordination polymer and subsequently to their fragmentation, revealing a dynamic and
reversible self-assembly process. The complexation of ligand monomers with zinc(ll) ion
is shown to be useful to preserve the fluorescence properties of PBI chromophores in
polymer. The polymer formation could be visualized by AFM and their self-organization
on surfaces could be explored. The present design principle to connect tpy unit directly
to perylene bisimide without any spacer provided rigid supramolecular polymers with
significantly longer average chain length than that observed previously for tpy-PBI
ligands containing phenylene spacers.’® The average chain length for the present
coordination polymers is estimated as to 35 repeat units that correspond to a molecular
weight of ~ 30.000 to 60.000 g/mol. AFM also revealed the formation of a homogeneous
monolayer on negatively charged mica and neutral HOPG substrate as well. Alternate
multilayer films of coordination polymers with different optical properties could be
constructed by electrostatic self-assembly. The present rigid, highly soluble and
fluorescent coordination polymers supplement the family of metallosupramolecular
polymers based on bis(tpy)-perylene bisimide dyes. Due to their advantageous optical
properties and the possibility to form homogeneous monolayers on different surfaces,
these new supramolecular polymers can be proposed for application in optoelectronic

devices and as artificial light harvesting systems.
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Experimental Section

General: Solvents were purified and dried according to standard procedures.® Column
chromatography was performed with silica gel (0.035-0.070 mm) and basic alumina, the
latter was deactivated with 4 weight % of water to activity Il. Zinc trifluoromethane
sulfonate salt was obtained from commercial sources. MALDI-TOF mass spectra were
measured using a Bruker Autoflex Il spectrometer in reflector mode. '"H NMR spectra
were recorded at 298 K on a Bruker Avance 400 spectrometer (400 MHz) and chemical
shifts & (ppm) were calibrated against tetramethylsilane (TMS) as internal reference. 'H
DOSY experiments were carried out at 298 K on a Bruker DMX 600 spectrometer
(600 MHz) equipped with a BGPA 10 gradient generator, a BGU Il control unit, and a
conventional 5 mm broadband (®N-*'P)/"H probe with automatic tune/match accessory
and z axis gradient coil capable of producing pulsed magnetic field gradients in the z
direction of 52 G cm™'. For the measurement of UV/Vis spectra, PerkinElmer Lambda
950 spectrometer was used. The steady-state fluorescence spectra were measured on
a PTI QM-4/2003 spectrometer and fluorescence quantum yields were determined by
the optically dilute method®” (A < 0.05) using N,N-di(2,6-diisopropylphenyl)-1,6,7,12-
tetraphenoxyperylene-3,4:9,10-tetracarboxylic acid bisimide (®7=0.96 in chloroform)?"
and Nileblue a (®1=0.27 in ethanol)®? as standards. The solvents for spectroscopic
studies were of spectroscopic grade and used as received. Fluorescence lifetimes were
determined with a fluorescence lifetime system using a PTI GL330 nitrogen laser (337
nm) and a PTI GL302 dye laser. Fluorescence decay curves were evaluated using the
software supplied with the instrument. AFM measurements were carried out under
ambient conditions by using a Veeco MultiMode™ Nanoscope IV system operating in

tapping mode in air.
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Synthesis of Perylene Bisimide Building Blocks

N,N'-Bis(4'-2,2".6',2"-terpyridyl)-1,7-dipyrrolidinylperylene-3,4:9,10-tetracarboxylic

acid bisimide (3): A mixture of 50.0 mg (0.094 mmol) of 1,7-dipyrrolidinylperylene-
3,4:9,10-tetracarboxylic acid bisimide'® (1) and 70.3 mg (0.28 mmol) of 4'-amino-
2,2":6',2"-terpyridine!"® was heated in pyridine/imidazole (2:1) under stirring at 120 °C for
48 h under argon. After cooling to room temperature, the mixture was poured into
aqueous HCI (10 mL, 1 M). The resulting precipitate was separated by filtration, washed
with  water (6x50 mL) and purified by column chromatography with

dichloromethane/acetone (70:2 v/v) to yield 55 mg (59%) of 3 as a dark-green powder.

Mp > 350 °C; MS (FAB): m/z = 991.59 [M'], 992.60 [M"+H] calcd for CesHs2N19O4
991.06; HRMS (ESI, pos.): m/z = 990.3385 [M'] calcd for CeH42N10O4 990.3390; 'H
NMR (400 MHz, CDCl3;, TMS): §=8.71 (d, J = 6.9 Hz, 4H, H6,6"), 8.68 (d, J = 5.6 Hz,
4H, H3,3"), 8.57 (s, 2H, Hpery), 8.55 (s, 4H, H3',5"), 8.53 (d, J = 8.0 Hz, 2H, Hpeyy), 7.87-
7.91 (m, 4H, H4,4"), 7.80 (d, J = 8.0 Hz, 2H, Hpery), 7.32-7.35 (m, 4H, H5,5"), 3.72-3.91
(m, 4H, Hpyroiiding), 2.87-3.02 (m, 4H, Hpymoiiginy), 1.97-2.18 (m, 8H, Hpyroiidiny); UV/Vis
(CH2Cla): Amax (€) = 714 (48200), 437 (18900), 279 (67000), 250 nm (89200 M'cm™);
fluorescence (CHxCly, Aex = 660 NmM): Anax = 750 nm, quantum yield (CH2Cl): @& = 0.26;
fluorescence lifetime (CH2Cly, Aex = 660 Nnm, Aem = 745 nm): 7 = 3.8+0.2 ns.

N,N'-Bis(4'-2,2".6',2"-terpyridyl)-1,6,7,12-tetra(4-t-octylphenoxy)perylene-3,4:9,10-
tetracarboxylic acid bisimide (4a): 1,6,7,12-Tetra(4-t-octylphenoxy)perylene-3,4:9,10-

tetracarboxylic acid bisanhydridel"*®% (

2a) (0.13 mg, 0.11 mmol) was reacted with 4'-
amino-2,2"6',2"-terpyridine (0.79 g, 0.32 mmol) in pyridine/imidazole (2:1) for 24 h at
120 °C under argon. After cooling to room temperature, the mixture was poured into
aqueous HCI (70 mL, 1 M); the resulting precipitate was isolated by filtration and
subsequently washed with water (20 mL) and methanol (20 mL). Purification was
achieved by column chromatography on aluminium oxide (basic, activity Il) with
CH2Cly/n-hexane (4:1 v/v) to yield 4a (83 mg, 46%) as a dark-red microcrystalline

powder.
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Mp > 350 °C; MS (FAB): m/z = 1670.3 [M"], 1671.3 [M"+H], calcd for C119H10sNsOs
1670.08; "H NMR (400 MHz, CDCl3, TMS): 5= 8.65 (d, J = 6.9 Hz, 4H, H6,6"), 8.64 (d,
J=4.8 Hz, 4H, H3,3"), 8.45 (s, 4H, H3',5"), 8.21 (s, 4H, Hpery), 7.81-7.86 (M, 4H, H4,4"),
7.25-7.31 (m, 12H, Ha, H5,5"), 6.91 (d, J = 8.7 Hz, 8H, Ha/), 1.70-2.18 (s, 12H, CHy),
1.33 (s, 24H, CHg), 0.74 (s, 36H, CH3); UV/Vis (CH2Cl,): Amax (€) = 588 (50800), 550
(30300), 456 (17200), 283 (82200), 239 nm (106800 M"'cm™); fluorescence (CH.Cl,,
Adex = 540 nm): Amax= 618 nm, quantum vyield (CH2Cl,): @y = 0.96+0.01; fluorescence
lifetime (CH2Cly, Adex = 540 nm, Aem =617 nm): 7 = 6.6+0.2 ns; elemental analysis calcd
(%) for C110H108NsQOs (1670.3): C 79.11, H 6.52, N 6.71; found: C 78.73, H 6.81, N 6.55.

N,N'-Bis(4'-2,2".6',2"-terpyridyl)-1,6,7,12-tetra(4-t-butylphenoxy)perylene-3,4:9,10-
tetracarboxylic acid bisimide (4b): This compound was synthesized and purified
according to procedure as described for 4a from 1,6,7,12-tetra(4-t-
butylphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisanhydride!™®'¢ (2b) (0.15 g,
0.15 mmol) and 4'-amino-2,2":6',2"-terpyridine (0.15 g, 0.61 mmol), to give 4b (0.11 g,
50%) as a bright-red powder.

Mp > 350 °C; MS (FAB): m/z = 1445.5 [M"], calcd for CgsH7NgOg 1445.6; HR-MS (ESI
pos.): m/z = 1445.5859 [M'], calcd for Co4H7eNgOs 1445.5820; 'H NMR (400 MHz,
CDCl3, TMS): 6= 8.65 (d, J = 6.9 Hz, 4H, H6,6"), 8.64 (d, J = 4.8 Hz, 4H, H3,3"), 8.46 (s,
4H, H3'5"), 8.28 (s, 4H, Hpery), 7.82-7.88 (m, 4H, H4,4"), 7.29-7.33 (m, 4H, H5,5"), 7.24
(d, 8H, J=8.7 Hz, Ha), 6.88 (d, J=8.7 Hz, 8H, Hga,), 1.26 (s, 36H, CHs); UV/Vis
(CH2Cl2): Amax (€) = 585 (54200), 544 (32500), 454 (18400), 281 nm (89400 M'ecm™);
fluorescence (CH2Cly, Jex =540 nm):  Anax =615 nm, quantum vyield (CHxCly):
@y = 0.97+0.01.

N-Cyclohexyl-N'-(4'-2,2".6',2"-terpyridyl)-1,7-dipyrrolidinylperylene-3,4:9,10-

tetracarboxylic acid bisimide (7): N-Cyclohexyl-1,7-dipyrrolidinylperylene-3,4:9,10-
tetracarboxylic acid-3,4-anhydride-9,10-imide!'’ (5) (150 mg, 0.25 mmol) was reacted
with 4'-amino-2,2".6',2"-terpyridine (91.3 g, 0.37 mmol) in pyridine/imidazole (2:1) for
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50 h at 120 °C under argon. After cooling to room temperature, the mixture was poured
ointo aqueous HCI (20 mL, 1 M); the resulting precipitate was extracted with 90 mL of
methylene chloride, washed with water, dried over MgSO,4, and concentrated by rotary
evaporation. Purification was achieved by column chromatography on silica gel with
CHCly/methanol (100:1 v/v) to yield 7 (140 mg, 68%) as a dark-green microcrystalline
powder.

Mp > 330 °C; MS (MALDI-TOF, dithranol): m/z = 841.18 [M"], 842.18 [M"+H] calcd for
Cs3HasN7O4 841.95; 'H NMR (400 MHz, CDCls, TMS): 6 = 8.70 (d, J=7.9 Hz, 2H,
H6,6"), 8.67 (d, J = 4.4 Hz, 2H, H3,3"), 8.54 (s, 1H, Hpery), 8.54 (s, 2H, H3',5'), 8.51 (s,
1H, Hpery), 8.49 (d, J = 9.4 Hz, 1H, Hpep), 8.44 (d, J=8.1 Hz, 1H, Hpery), 7.85-7.89 (m,
2H, H4,4"), 7.80 (d, J = 8.0 Hz, 1H, Hpery), 7.75 (d, J = 8.0 Hz, 1H, Hpep), 7.32-7.35 (m,
2H, H5,5"), 5.00-5.14 (m, 1H, NCHy), 3.70-3.90 (m, 4H, Hpyroiidginy), 2.80-3.00 (m, 4H,
Hpyrroiiginyr), 2.56-2.67 (m, 2H, Hcy), 1.89-2.10 (m, 10H, Hpyroiiging, Hey), 1.72-1.80 (m, 2H,
Hcy), 1.33-1.50 (m, 4H, Hcy); ®C NMR (100 MHz, CDCl3): 5= 164.6, 164.5, 163.6, 163.5,
157.1, 155.7, 149.1, 146.8, 146.4, 145.9, 136.8, 135.1, 134.0, 130.3, 130.0, 127.3,
126.6, 124.2, 123.9, 123.8, 122.8, 122.7, 122.3, 121.6, 121.4, 121.3, 121.2, 120.8,
119.9, 118.9, 118.7, 117.7 53.8, 52.3, 29.2, 26.7, 25.8, 25.6; UV/Vis (CH.Cl,):
Amax (€) = 706 (41800), 436 (16600), 309 (35600), 278 (44300), 246 nm (69500 M 'cm™);
fluorescence (CHxCly, Aex = 660 NM): Amax = 746 nm, quantum yield (CH2Cly): @& = 0.19;
fluorescence lifetime (CH3Cly, Aex = 660 Nm, Aem =745 nm): 7= 3.7+£0.2 ns; elemental
analysis calcd for Cs3Hs3N704%H20 (859.9): C 73.95, H 5.01, N 11.30; found: C 73.86, H
5.36, N 11.42.

N-Butyl-N'-(4'-2,2":6',2"-terpyridyl)-1,6,7,12-tetra(4-t-butylphenoxy)perylene-

3,4:9,10-tetracarboxylic acid bisimide (8): N-Butyl-1,6,7,12-tetra(4-t-
butylphenoxy)perylene-3,4:9,10-tetracarboxylic acid-3,4-anhydride-9,10-imide!™*'% (6)
(0.14 mg, 0.13 mmol) was reacted with 4'-amino-2,2"6',2"-terpyridine (0.50 g, 0.20
mmol) in pyridine/imidazole (2:1) for 48 h at 120 °C under argon. After cooling to room
temperature, the mixture was poured into aqueous HCI (20 mL, 1 M); the resulting

precipitate was isolated by filtration and subsequently washed with water (30 mL) and
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methanol (20 mL). Purification was achieved by column chromatography on aluminium
oxide (basic, activity Il) with CH2Cly/n-hexane (4:1 v/v) to yield 6 (84 mg, 50%) as a

dark-red microcrystalline powder.

Mp > 320 °C; MS (ESI-TOF, pos.): m/z = 1270.56 [M'], calcd for Cg3H7sNsOg 1270.55;
'H NMR (400 MHz, CDCl;, TMS): 5=8.58 (m, 4H, H6,6", H3,3"), 8.39 (s, 1H, H3'5),
8.18 (s, 2H, Hper), 8.17 (s, 2H, Hpery), 7.79 (M, 2H, H4,4"), 7.25 (m, 2H, H5,5"), 7.17 (m,
8H, Ha,), 6.78 (m, 8H, Hga,), 4.05 (m, 2H, NCHy), 1.61 (m, 2H, CH3), 1.34 (m, 2H, CHy),
1.22 (s, 18H, CH3), 1.18 (s, 18H, CHs); UV/Vis (CH2Cl,): Amax (€) = 581 (46100), 541
(27800), 453 (16600), 285 nm (64000 M'cm™); fluorescence (CH2Clz, Amax = 540 nm):
Amax = 611 nm, quantum yield (CH2Cl,): &= 0.891£0.01; fluorescence lifetime (CH.Cly,
Adex =540 nm, Aem =617 nm): ©=7.2+0.2 ns; elemental analysis calcd (%) for
Cs3H7sN50s (1270.56): C 78.46, H 5.95, N 5.51; found: C 78.18, H 5.86, N 5.42.

Metal-lon Mediated Self-Assembly of Perylene Bisimide Building Blocks

Metallodimer (7),Zn(OTf),: To a solution of N-cyclohexyl-N-(4'-2,2":6',2"-terpyridyl)-1,7-
dipyrrolidinylperylene-3,4:9,10-tetracarboxylic acid bisimide (7) (10.0 mg, 11.8 umol) in
CHCI3-CH30OH (60:40, 0.65 mL) a stock solution of zinc triflate (16.8 mM, 350 uL,
5.9 ymol) was added and the solution was stirred for 10 min at room temperature. The
solution was concentrated using rotary evaporator; the product was precipitated by
addition of acetonitrile (10 mL) and isolated quantitatively by centrifugation. Exact 2:1

stoichiometry of 7 and zinc triflate was confirmed by "H NMR.

MS (MALDI-TOF, dithranol): m/z = 1895.50 [M-OTf]", 1746.50 [M-20Tf**, 1054.20
[8+Zn+OTf]* caled for CyogHesFsN14014S2Zn 204551; 'H NMR (400 MHz,
chloroform[Ds]-methanol[D4] (60:10, v/v), TMS): 6= 9.11 (bs, 4H, H3",5'), 8.76 (d, J = 8.1
Hz, 4H, H3,3"), 8.58 (bs, 4H, Hper), 8.42-8.49 (m, 4H, Hpery), 8.25-8.35 (m, 4H, H4,4"),
8.07 (d, J = 4.7 Hz, 4H, H6,6"), 7.75-7.85 (m, 2H, Hpery), 7.61-7.67 (M, 4H, H5,5"), 7.53-
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7.61 (M, 2H, Hyery), 5.08-5.15 (m, 2H, NCHy), 3.68-3.87 (m, 8H, Hpyofiginy), 2.73-2.92 (m,
8H, Hpyrmoliginy), 2.61-2.72 (m, 4H, Hg,), 1.77-2.16 (m, 28H, Hpyoliginy, Hey), 1.38-1.56 (m,
4H, Hcy); UVNVis (CHCI/MeOH, 60:40, VIV): Amax (€) = 723 (78400), 441 (32000), 320
(66800), 285 nm (90200 M'cm™); fluorescence (dimethylformamide, JAex =660 nm):
Amax = 764 nm, quantum vyield (dimethylformamide): @5 = 0.10+£0.01; fluorescence

lifetime (CHCI3/MeOH, 60:40 v/v, Aex = 660 nm, Aem =770 nm): 7 = 1.8+£0.2 ns.

Metallodimer (8).Zn(OTf),: To a solution of N-butyl-N-(4'-2,2".6',2"-terpyridyl)-1,6,7,12-
tetra(4-t-butylphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide (8) (4.94 mg, 3.88
pgmol) in CHCI;-CH30H (60:40, 0.70 mL) a stock solution of zinc triflate (4.85 mM,
400 pL, 1.94 umol) was added and the solution was stirred for 10 min at room
temperature. The solution was concentrated using rotary evaporator; the product was
precipitated by addition of acetonitrile (10 mL) and isolated quantitatively by
centrifugation. Exact 2:1 stoichiometry of ligand 8 and Zn(ll) triflate was confirmed by 'H
NMR.

MS (MALDI-TOF, DCTB matrix): m/z = 2754.0 [M-OTf]*, 2605.0 [M-20Tf** calcd for
C1sH150FsN10022S2Zn 2904.5; '"H NMR (400 MHz, CDCI3/CDsOD, 60:40 v/v, TMS):
6=8.92 (s, 4H, H3'5"), 8.59 (d, J = 8.1 Hz, 4H, H3,3"), 8.37 (s, 4H, Hpey), 8.26 (s, 4H,
Hpery), 8.16-8.22 (m, 4H, H4,4"), 7.87 (d, J=5.6 Hz, 4H, H6,6"), 7.47-7.54 (m, 4H,
H5,5"), 7.27-7.33 (m, 16H, Ha/), 6.90-6.95 (m, 16H, Hpa,), 4.11-4.17 (m, 4H, NCH), 1.66-
1.72 (m, 4H, CHy), 1.38-1.46 (m, 4H, CHy), 1.32 (s, 36H, CH3), 1.29 (s, 36H, CHj3), 0.93-
0.99 (m, 6H, CHj3); UV/Vis (CHCI3/MeOH (60:40, v/v)): Amax (€) =591 (100700), 552
(61200), 458 (36100), 332 (30600), 285 (136000), 267 nm (133100 M"'cm™);
fluorescence (CHCI3/MeOH, 60:40 v/v, Aex =540 nm): Amax = 625 nm, quantum yield
(CHCI3/MeOH, 60:40, v/v): @ = 0.82+0.02; fluorescence lifetime (CHCls/MeOH, 60:40
VIV, Aex = 540 nm, Aem =617 Nnm): = 7.620.2 ns.

Coordination Polymer 9: To a solution of N,N-bis(4'-2,2".6'2"-terpyridyl)-1,7-
dipyrrolidinylperylene-3,4:9,10-tetracarboxylic acid bisimide (3) (3.95 mg, 3.98 uymol) in
CHCI3/CH30H (60:40 v/v, 700 uL) a stock solution of zinc(ll) triflate (136.5 pL, 3.98
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pmol) was added and the solution was stirred for 10 min at room temperature. The exact
1:1 stoichiometry of 3 and zinc triflate was checked by '"H NMR and, if necessary, was
adjusted until no residual signals of uncomplexed tpy ligand was observed. Upon
addition of acetonitrile (5 mL) the product is precipitated and isolated quantitatively by

centrifugation.

'H NMR (400 MHz, CDCI3/CD30D, 60:40 v/v, TMS): 5= 9.08 (br), 8.76 (br), 8.31 (br),
8.07 (br), 7.91 (br), 7.63 (br), 3.92 (br, Hpymoiidiny), 3-05 (br, Hpyroiidiny), 2.00-2.40 (br,
Hpyrroiiging); UVIVis (CHCI3/MeOH (60:40, v/v)): Amax (¢ value per perylene bisimide
unit) = 722 (35200), 439 (15700), 315 (38300), 275 (62800), 248 nm (73600 M"'cm™);
fluorescence (CHCI3/MeOH, 60:40 v/v, dex =660 nm): Anax = 768 nm, quantum yield
(CHCI3/MeOH, 60:40 v/v): @& =0.094£0.01; fluorescence lifetime (DMF, Aex = 660 nm,
Aem =770 Nnm): 7 = 2.2+0.2 ns.

Coordination Polymer 10: To a solution of N,N-bis(4'-2,2":6',2"-terpyridyl)-1,6,7,12-
tetra(4-t-octhylphenoxy)perylene-3,4:9,10-tetracarboxylic acid bisimide (4a) (2.53 mg,
1.52 umol) in CHCI3/CH30H (60:40 v/v, 700 pL) a stock solution of zinc(ll) triflate (52.5
ML, 1.52 pmol) was added and the solution was stirred for 10 min at room temperature.
The exact 1:1 stoichiometry of 4a and zinc triflate was checked by 'H NMR and, if
necessary, was adjusted until no residual signals of uncomplexed tpy ligand was
observed. By addition of acetonitrile (5 mL) the product is precipitated and isolated

quantitatively by centrifugation.

'H NMR (400 MHz, CDCI3/CD30D, 60:40 v/v, TMS): 5= 8.95 (br), 8.63 (br), 8.33 (br),
8.21 (br), 7.92 (br), 7.38 (br, Ha,), 7.03 (br, Has), 1.78 (br, CHy), 1.35 (br, CH3), 0.79 (br,
CHs); UV/Nis (CHCI3/MeOH (60:40, v/v)): Amax (€ value per perylene bisimide
unit) = 596 (44900), 553 (28100), 458 (15600), 334 (13500), 277 nm (77900 M"'cm™);
fluorescence (CHCI3/MeOH, 60:40 v/v, Aex =540 nm): Amax = 626 nm, quantum yield
(CHCI3/MeOH, 60:40 v/v): @& =0.85+0.02; fluorescence lifetime (DMF, Aex = 540 nm,
Adem =617 nm): 7 = 4.4+0.2 ns.
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Atomic Force Microscopy Measurement

AFM measurements were carried out under ambient conditions by using a Veeco
MultiMode™ Nanoscope IV system (Veeco Metrology Inc.) operating in tapping mode in
air. The images were taken using a scanner with a maximum scan area of 15 x 15 uym.
Silicon cantilevers with a nominal spring constant of 34.0-71.0 N/m and with resonant
frequency of 300 kHz, and a typical tip radius of 7 nm (OMCL-AC160TS, Olympus) were
used. To obtain the best imaging quality, the scan rate was set to 0.9 Hz (~10 min for
each AFM image). All AFM images were obtained at a resolution of 512 x 512 pixels.
The solutions of supramolecular polymers 9 and 10 in DMF (0.05 mg/mL) were spin-
coated on a highly ordered pyrolytic graphite (HOPG, Nano Technology Instruments —

Europe) or muscovite mica (Veeco Metrology Inc.) under 4000 rpm.

Preparation of Layer-by-Layer Multifilm

Quartz substrates (Hellma GmbH, Germany) were cleaned by immersing into fresh
piranha solution (7:3 v/v H,SO4/H,0>) for 10 min followed by intensive rinsing with water.
Polyethyleneimine (PEI, branched, MW ca. 750.000) and polystyrene sulfonate (PSS,
MW ca. 70.000) were applied as 0.01 M solutions in 0.5 M aqueous NaCl solution. A
freshly cleaned quartz substrate was immersed into a solution of PEI for 10 min, washed
with water and dried under a gentle stream of argon gas. Multilayers are formed by
subsequent dipping of the substrate in solutions of PSS for 10 min and the respective
coordination polymer (1 mM in DMF) for 10 min. After each adsorption step in DMF the
substrate is subsequently immersed in DMF, DMF—water (1:1) and water for each 2 min.
These routines were repeated until the desired number of double layers was achieved.
The formation of the layers was controlled by UV/Vis spectroscopy after each adsorption

step.
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Chapter 4

Honeycomb-Structured 2D Nanopatterns by
Metal-lon-Directed Hierarchical Self-Assembly

of Perylene Bisimide Dyes

Abstract: A ditopic bis(terpyridyl)perylene bisimide ligand was synthesized and its
Zn(ll)-ion-mediated self-assembly studied by 'H NMR titration. These studies
revealed the formation of a trimeric metallomacrocycle that was characterized by
DOSY NMR and MALDI-TOF mass spectrometry. Higher order organization of this
perylene bisimide dye containg trimeric metallocycle afforded 2D assemblies with
honeycomb structures as revealed by AFM studies. Such nanopatterns offer new
opportunities to mimic natural photosynthesis reaction centers by incorporating guest

molecules in holes of honeycomb structures.
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Introduction

Multichromophore arrays of circular topology are of great importance for
efficient light harvesting in natural photosynthesis, e.g., LH1 and LH2 complexes of
purple bacteria.l'! To ensure efficient energy transfer from LH2 to LH1 and to the
photosynthetic reaction centers these cyclic dye arrays are further organized into 2D
patterns within the photosynthetic membrane.!?! Inspired by the structural beauty of
these natural dye assemblies, a great deal of attention has been devoted in the last
decade to the synthesis of artificial counterparts.** The vast majority of reported
cyclic dye assemblies are porphyrin- or metalloporphyrin-based owing to easy
synthetic accessibility and structural similarity of these chromophores to natural
(bacterio)chlorophylls, albeit that such porphyrin-based arrays exhibit inferior
functionality. Over the last few years, the research group of Warthner has prepared a
number of square assemblies based on perylene bisimide (PBI) dyes that are an
outstanding class of functional chromophores with favorable optical and electronic
properties for application as optoelectronic materials.®® Such PBl-based square
scaffolds were constructed by metal-ion coordination directed self-assembly of
perylene bisimide building blocks that are decorated with pyridyl ligands at the imide
positions to facilitate reversible metal-ligand ligation.**>”} These PBI-based square
assemblies indeed show excellent fluorescence properties and for arrays containing
additional peripheral chromophores efficient energy transfer was observed.®*
Wirthner and co-workers have recently reported that perylene bisimides equipped
with chelating 2,2".6',2"-terpyridine (tpy) ligands, which have become the most
important aromatic aza ligands in metallosupramolecular chemistry,[S] at the imide
positions through a para-phenylene spacer undergo metal-ion-mediated self-
assembly into highly fluorescent coordination polymers (see Figure 1, top).”! The
concept of this work is to construct perylene bisimide based metallomacrocycles with
particular geometry by proper design of angular bis(terpyridyl) PBI ligands (Figure 1,
bottom). Such cyclic assemblies are expected to arrange into ordered 2D patterns on
surfaces, which could not be achieved for the linear polymeric counterparts in earlier

work.[!
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=
D= = tpy - = PBI core
_/__,/

@' = phenylene spacer . = metal ion

Figure 1. Schematic representation of the concept of present work: The defined angular geometry

(120°) of bis(terpyridyl) PBI ligands should facilitate self-assemble into trimeric metallocycle by metal-

ion coordination (bottom), while linear ditopic ligands afforded coordination polymer™ (top).

Angular bis(typ) PBI ligands with 120° angle with respect to tpy moiety and PBI core
can be achieved by linking the 4'-position of tpy ligand to the meta-position of the
phenylene spacer. Since 120° is the internal angle of a hexagon, metal-ion mediated
self-assembly of such angular ditopic PBI ligands should lead to trinuclear
metallocycles with hexagonal geometry (containing six tpy-meta-phenylene spacer
units of 120° angle each),!'” as the molecular modeling study revealed that no steric
constraints are to expect in the self-assembly of angular bis(tpy) PBI ligands into
trimeric Zn(ll)-metallocycles (Figure 2).

In this Chapter, the synthesis of ditopic bis(terpyridyl) PBI ligand 1, which is
designed by above-mentioned concept, is reported and their Zn(ll)-ion-mediated self-
assembly to trimeric metallomacrocycle 2 (Scheme 1). More importantly, it is shown
here that these metallocyclic arrays indeed undergo higher order 2D organization into
similar structures as found for their natural counterparts in the photosynthetic

membrane.
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N
o
>
3

Figure 2. Structure obtained by molecular modeling (Fujitsu quantum CAChe 5.0, MM3 force field) of
trimeric Zn(ll)-metallomacrocycle 2 (top view) possessing a diameter of 4.0 nm. The carbon atoms of
PBI unites are shown in grey, oxygen atoms in red, and nitrogen atoms of tpy unites and PBIs are

given in blue and light blue, respectively.

Zn(OTf),
(1 equiv.)
CHCI3/CH3CN

Zn(OTf),
(> 1 equiv.)
CHCI3/CH3CN

and oligomers 2
Scheme 1. Formation of trimeric metallomacrocycle 2 by Zn(ll)-ion-mediated self-assembly of
bis(terpyridyl) PBI ligand 1 at a 1:1 stoichiometry of 1/Zn(OTf), in chloroform/acetonitrile mixture
(60:40), and dissociation of the cyclic assembly into monomeric complex 3 and oligomeric species

upon addition of excess amounts of zinc(ll) triflate.
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Results and Discussion

Synthesis. The synthesis of bis(terpyridyl) PBI ligand 1 was achieved by the
condensation of 3-(2,2":6',2"-terpyridin-4"-yl)aniline (4)''" with 1,6,7,12-tetra(4-t-octyl-
phenoxy)-perylene-3,4:6,10-tetracarboxylic acid bisanhydride (5)'? in pyridine-
imidazole mixture (2:1) in 35% isolated yield. This unknown PBI derivative 1 was fully

characterized by 'H NMR, FAB-MS, and elemental analysis (for synthetic details and

characterization data, see Experimental Section).

Scheme 2. Synthesis of bis(tpy) PBI ligand 1: a) pyridine/imidazol (2:1) mixture, argon, 120 °C, 5 days,
35% yield of 1.

Study of Complexation Reaction of Ligand with Zn(Il) lon. Having pure bis(tpy)
PBI ligand 1 in hand, the complexation reaction of this ligand with Zn(ll) ion has been
studied by 'H NMR titration in a mixture of chloroform[D]/acetonitrile[Ds] (60:40) using
0.2 to 2.0 equivalents of zinc(ll) triflate [Zn(OTf),] (in portions of 0.2 equiv.). The 'H
NMR spectra measured for different ratios of ligand 1/Zn(OTf), (see Figure 3) provide
clear indication for the formation of metallocyclic assembly 2 at an exact 1:1 ratio of
1/Zn(ll) ion (Scheme 1). The following observations substantiate the reversible
formation of assembly 2: Upon addition of the first batches of Zn(OTf), a significant
signal broadening and disappearance of the characteristic proton signals of
terpyridine in ligand 1 at 6 = 8.67 ppm for H6,6” and at 6 = 8.72 ppm for H3',5" are
observed (see Figure 3, left panel). The spectrum obtained at a 1:1 ratio of 1/Zn(ll)
ion shows a new set of sharp signals with a strong upfield shift of H6,6” signal from
8.67 to 7.76 ppm compared with that of the free ligand 1 and a downfield shift of
H3',5" signal from 8.72 to 8.94 ppm, confirming formation of coordination complex of
Zn(ll) ions with bis(terpyridyl) ligands.'°! The observed sharp '"H NMR signals are

indicative for the formation of a well-defined highly symmetric metallocycle,®* and
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exclude presence of coordination polymers as in the latter case broadened signals

are to expect.”

1:0 LJ(“.L 1:1

1:0.2

1:0.4

1:0.6

1:0.8

AN
T
:

1:1 1:2 L u\L
95 8.5 7.5 6.5 95 8.5 7.5 6.5
«— &/ppm <— d/ppm

Figure 3. 'H NMR titration spectra of ditopic ligand 1 with zinc(ll) triflate in CDCI3/CD3;CN (60:40) at
room temperature. In the left panel the spectral changes upon addition of up to 1 equivalent of
Zn(OTf), and formation of metallocycle 2 at 1:1 ratio is shown, whilst right panel depicts the changes
resulted from dissociation of 2 upon addition of excess amounts of Zn(OTf),. Ratio of 1:Zn(ll) ion is
indicated on the respective spectrum. Signal for H3',5' protons are marked with * and that of H6,6"

protons with #.

114



Chapter 4

Honeycomb-Structured 2D Nanopatterns

Indeed, 'H-'H COSY NMR!"® analysis provides structural evidence for the trimeric

metallocycle 2 self-assembled from ligand 1 and Zn(OTf), in an equimolar ratio (see

Figure 4).

b)

— %

8.8

| o

B4

H5,5' ]
80 76 72
<— d/ppm

L

88 3

Figure 4. '"H-"H COSY NMR spectra of metallomacrocycle 2 (a) and complex 3 (b) in CDCly/CDsCN

(60:40).

In "H NMR titration experiments, once the 1:1 stoichiometry is exceeded by further

addition of Zn(OTf), the intensity of proton signals of metallocycle 2 is decreased and
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a new set of signal arises (see Figure 3, right panel), revealing the reversibility of
Zn(ll)-ion-mediated self-assembly of ligand 1. At a 1:2 ratio of 1:Zn(ll) ion a spectrum
with sharp signals is obtained which is assignable to monomeric complex 3 (see also
COSY spectrum in Figure 4) with the additional coordination sites of Zn(ll) ions

saturated either by acetonitrile molecules or triflate counterions (Scheme 1).

'H DOSY NMR Investigations. Additional evidence for the formation of
metallomacrocycle 2 by reversible Zn(ll)-bis(tpy) coordination is obtained by 'H NMR
diffusion-ordered spectroscopy (DOSY) studies. As the diffusion coefficient
(D[m?s™) of a spherical molecule in solution is inversely proportional to the
molecular dimension, "' the formation of higher molecular weight macrocycle
from monomeric ligands can be substantiated by 'H DOSY NMR." In Figure 5 the
DOSY spectra of bis(tpy) PBI ligand 1 and the macrocycle formed at a 1:1 ratio of
1:Zn(ll) ion in chloroform[D]/acetonitrile[D]; (60:40) mixture are shown. Ligand 1 with
a molecular weight of 1822.3 g/mol shows a diffusion coefficient value of
D=3.8x10""m?s™ (log[D/m?s™"] = -9.4), while the diffusion coefficient of the higher
molecular weight (compared with ligand 1) metallomacrocycle 2 significantly
decreased to D = 1.9 x 10" m?s™ (log[D/m?s™"] = -9.7).

a) b) . c)
! | LU (AL, L
W Lol | A M ' u.,[._n.____l_, L
105
-10.0 r;g
\ ] \\"\-' i 1 a
| PV EPUY [ EPOPRL NI B | Y~
- ~ Q
1-9.0 l
! -8.5
e s s e S S S S
<— d/ppm <«— d/ppm <«— d/ppm

Figure 5. Aromatic region of the 'H DOSY NMR spectra for bis(tpy) PBI ligand 1 (a), trimeric
metallocycle 2 (b), and complex 3 in chloroform[D]/acetonitrile[D3] (60:40) at 25 °C, [1] = 2.14x107° M).
The diffusion coefficients D [m23'1] are plotted in a logarithmic scale (Iog[D/m'1s'1]) against the

chemical shift 5. The signal of residual chloroform can be seen at 7.49 ppm (log[D/m?s™] = -8.65).
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Note, the formation of a coordination polymer can be excluded because in this case a
much smaller diffusion coefficient is to expect.® Upon addition of an excess amount
of zinc(Il) ion, diffusion coefficient is again increased and at a 1:2 ratio of 1:Zn(ll) ion
a value of D=3.3x10""m?™" (log[D/m?s™"] =-9.5) is observed (see Figure 5c)
which is very close to the D value of free ligand 1, implying creation of a monomeric
Zn(ll)-complex 3 (Scheme 1) as the latter has slightly higher molecular weight. The
results of a detailed investigation of diffusions coefficients at different ratios of 1:Zn(ll)

ion are summarized in Table 1.

Table 1. Diffusion coefficients of species formed at different ratios of 1:Zn(ll) ion.

1:Zn(11) ion D [m?s™] log[D/m?s™"]
1:0 3.8x107° -9.41
1:0.4 2.3x107° -9.63
1:0.8 2.2x1071° -9.66
1:1 1.9x107"° -9.71
1:2 3.3x1071° -9.47

Once the formation of trimeric metallocycle 2 is confirmed by 'H NMR titration
and DOSY experiments, this cyclic array was prepared on a semi-preparative scale
using stoichiometric amounts of ligand 1 and zinc(ll) triflate in 90% vyield (for details
see the Experimental Section). Macrocycle 2 is highly soluble in dimethylformamide
(DMF) and chloroform/acetonitrile mixture as well, and the solutions remain clear for
weeks without forming any precipitation, indicating high stability of this array in dilute

solutions.

MALDI-TOF Mass Spectrometry. Further structural characterization of this
macrocycle was achieved by MALDI-TOF MS,!"® providing expected mass peak of
trimer 2 and additional peaks of multi-charged fragments (see Figure 6). The most
prominent peak in higher range of mass spectrum is attributed to (1)3Zn3(OTf)s where
the loss of one ftriflate anion provided a single charged species. The other most
prevalent peaks in the lower m/z region of the MS spectrum, namely m/z = 4584.2
[(2)2Zn3(OTr)s], 4221.4 [(1)2Zn2(OTH)3], 3858.6 [(1)2Zn(OTf)], and 1822.2 [1], agree
well with the smaller species, which most likely originate from the fragmentation of

the macrocycle during measurement.
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Figure 6. MALDI-TOF mass spectrum (DCTB matrix) of trimeric Zn(ll)-metallocycle 2 showing the
mass peak (m/z = 6576.3) for (1)3Zn3(OTf)e(H20) (2°H,O) and fragments of 2 with triflate counterions.
The source of H,O molecule is apparently zinc(ll) triflate monohydrate. DCTB = frans-2-(3-4-tert-

butylphenyl)-2-methyl-2-propenylidene)malononitrile.

Optical Properties. The optical properties of ditopic PBI ligand 1 and cyclic
trimer 2 in DMF have been studied by UV/Vis absorption and fluorescence
spectroscopy (see Figure 7). Ligand 1 exhibits intense absorption bands with maxima
at 586, 547, and 452 nm that are very characteristic for tetraaryloxy-substituted
perylene bisimide chromophores.””! The coordination of Zn(ll) ion to tpy has little
effect on the absorption properties of PBI unit as trimeric metallocycle 2 shows a
similar absorption profile compared to that of ligand 1 with slightly shifted maxima at
580, 540, and 445 nm, respectively. For metallocycle 2, an extinction coefficient of
143.000 M'em™ at Amax= 580 nm is observed, which is nearly three-times higher
than that for ligand 1 (50.700 M'cm™ at 586 nm). A strong increase of the absorption
for tpy units is observed in the UV region (320-360 nm) upon complexation with Zn(ll)
ion which is in accord with literature report.®™ As shown in Figure 7, for metallocycle
2 an intense emission at Amax =608 nm, which is characteristic for tetraaryl-
substituted PBI chromophores,®'? is observed upon excitation at 550 nm. From
functional point of view it is quite interesting that metallocycle 2 exhibits a high
fluorescence quantum yield of 75% (in DMF) which is very close to that of free ligand
1 (81%).
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Figure 7. UV/Vis absorption spectra of PBI ligand 1 (solid line) and cyclic trimer 2 (dashed line), and

fluorescence emission spectrum of 2 (A, = 550 nm, dotted line) in DMF at 20 °C.

Atomic Force Microscopy Investigations. The self-assembly of cyclic array 2
on highly ordered pyrolytic graphite (HOPG) is investigated by atomic force
microscopy (AFM) at ambient conditions. In contrast to metallocycle 2, for the free

ligand 1 only adlayers without any ordered structure are observed (see Figure 8).

Figure 8. Tapping mode height AFM images of films spin-coated from DMF solution of ligand 1
(c =2.4x10° M) onto HOPG. Z scale is 2 nm (A) and 1 nm (B). No ordered structures of 1 can be

seen in these images.

AFM images of samples prepared by spin-coating DMF solution of metallocycle 2

reveal highly ordered monolayers!'! with two different types of structural
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arrangements, namely, linearly ordered and honeycomb structured (Figures 9 and
10). The average height of the ordered layers, both linear and honeycomb structures
(the latter marked with yellow frames in Figure 9A), is estimated as 0.53+0.05 nm by
cross-section analysis. For the linear structures, two orientations with an angle of 60°
are observed (white arrows in Figure 9A), indicating an alignment of metallocycles 2
along the graphite axes. In height image the linearly ordered structures are clearly
visible for which a periodicity of 4.7+0.2 nm is assessed by cross-section analysis
which is in agreement with the frequency of 4.7 nm determined by 2D fast Fourier
transformation (FFT) analysis. From high resolution phase image (Figure 9B), a
diameter of 3.9+0.2 nm is estimated for metallocycle 2 that is in excellent agreement
with the value (4.0 nm) obtained by molecular modeling of cyclic array 2 (see Figure
2).

Figure 9. Tapping mode AFM images of films spin-coated from DMF solution of 2 (¢ = 2.4x10° M)

onto HOPG. (A) Height image; (B) high resolution phase image of a region in image A with linear
structure; (C) magnification of a section in image B and proposed structural model for the linear
arrangement of macrocycles 2 (for simplicity, one dimensional structures of 2 are shown here; for
three dimensional structure, see Figure 2). In image A, the direction of linear structures is indicated by
white arrows and the areas with honeycomb arrangement are marked with yellow frames. Not that,
some unordered aggregates can be seen (bright areas in image A) that lie on the top of the ordered

layers with a height of 0.55+£0.05 nm with respect to the former ones.

More interestingly, the high resolution height images (Figures 10A, B) clearly reveal a
second pattern, i.e., honeycomb-structured 2D assemblies of metallomacrocycles 2
on HOPG. Well-ordered 2D assembled structures cover the surface up to several
square micrometers. A two-dimensional FFT image (Figure 10C) shows the

characteristic reflections of hexagonally packed domains of macrocycles 2. The FFT
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analysis reveals an average frequency of 6.7 nm in all directions that is indicated by

the distance d between the bright spots in Figure 10D.

Figure 10. Tapping mode AFM images of films spin-coated from DMF solution of 2 (¢ = 2.4x10° M)
onto HOPG: (A), (B) height images; (C) FFT analysis of image B; (D) a zoomed and filtered unit of the
hexagonal domains in image B; (E) proposed model for the molecular arrangement of the cyclic
trimers 2 (for simplicity, one dimensional structures of 2 are shown) in honeycomb structures. Scale in
all images is 50 nm. In image A, the frontier of neighbor areas with honeycomb arrangement is

marked with yellow dotted line.

Under the premise that each bright spot in Figure 10D equals one macrocycle, the
distance between centers of two neighboring cycles is measured to 4.3£0.2 nm. On
the basis of these results, a molecular model can be proposed (Figure 10E) for the

honeycomb-structured nanonetwork of macrocycle 2 possessing regular holes.
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According to the proposed model, the hexagonal arrangement is created by the
interaction of aliphatic side chains of the adjacent macrocycles and the holes are
formed by the contact of each cyclic molecule with three adjacent ones through side

chains.

Conclusion

To conclude, the newly designed angular ditopic PBI ligands 1 self-assemble
in solution by Zn(ll)-ion coordination into highly fluorescent hexagonal trimeric
metallomacrocycles 2. On the next level of hierarchy, these macrocycles self-
organize on HOPG surface into 2D nanopatterns with structural organization
reminiscent of cyclic dye arrays in the purple bacterial photosynthetic membrane.
These artificial 2D patterns of cyclic dye arrays should enable energy exchange
between the closely packed subunits as observed in the similarly organized natural

light-harvesting complexes in purple bacteria.!?
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Experimental Section

General: Solvents were purified and dried according to standard
procedures."”® Chromatography is performed with basic alumina, which was
deactivated with 4 weight % of water to activity Il. Perylene bisanhydride 5 applied in
this work is accessible by literature procedures.!'? Zinc trifluoromethane sulfonate
salt is commercially available. MALDI-TOF-MS were measured using a Bruker
Autoflex Il spectrometer in reflector mode. "H NMR spectra were recorded at room
temperature on a Bruker Avance 400 spectrometer (400 MHz) and chemical shifts &
(ppm) are calibrated against tetramethylsilane (TMS) as internal reference. For
measurement of UV/Vis spectra PerkinElmer Lambda 950 spectrometer is used. The
steady-state fluorescence spectra were measured on a a PTlI QM-4/2003
spectrometer and fluorescence quantum yields were determined by the optically
dilute  method™ (A<0.05) using  N,N-di(2,6-diisopropylphenyl)-1,6,7,12-
tetraphenoxyperylene-3,4:9,10-tetracarboxylic ~ acid  bisimide (®;=0.96 in
chloroform)®” as standard. The solvents for spectroscopic studies were of

spectroscopic grade and used as received.

N,N'-Bis-(3-(2,2":6',2"-terpyridin-4'-yl)phenyl)-1,6,7,12-(p-t-octylphenoxy)-

perylene-3,4:9,10-tetracarboxylic  acid  bisimide (1): 1,6,7,12-Tetra(p-t-
octylphenoxy)perylene-3,4:6,10-tetracarboxylic acid bisanhydride (5)'? (0.20 mg,
0.16 mmol) was reacted with 4'-m-aminophenyl-2,2":6',2"-terpyridine (4)'" (0.16 mg,
0.49 mmol) in a mixture of pyridine (4.2 mL) and imidazole (2.4 g) for 5d at 120 °C
under argon atmosphere. After being cooled to room temperature, the mixture was
poured into aqueous HCI (150 mL, 1 M), and the resultant precipitate was separated
by filtration and subsequently washed with 50 mL water. Purification was achieved by
column chromatography on aluminum oxide (basic, activity Il) with CH,Cl./n-hexane

(4:1) to yield 90.0 mg (35%) of ligand 1 as a dark-red microcrystalline powder.

Mp > 350 °C; 'H NMR (400 MHz, CDCls, 25 °C, TMS): 5= 8.73 (s, 4H, H3'5'), 8.69
(d, J = 5.6 Hz, 4H, H6,6"), 8.64 (d, J = 7.9 Hz, 4H, H3,3"), 8.22 (s, 4H, Hper), 8.08 (s,
2H, H2"™), 8.00 (d, J = 7.9 Hz, 2H, H4™), 7.83-7.88 (m, 4H, H4,4"), 7.79-7.82 (m, 2H,
H6™), 7.63-7.68 (m, 2H, H5™), 7.31-7.37 (m, 4H, H5,5"), 7.26 (d, J = 8.7 Hz, 8H, Ha,),
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6.90 (d, J = 8.7 Hz, 8H, Ha,), 1.69 (s, 8H, CH,), 1.32 (s, 24H, CHs), 0.74 (s, 36H,
CHs); UVVis (CH2Clp): Amax(€) = 586 (50.700), 547 (31.400), 452 (17.700), 274
(10.2400), 248 nm (125.000 M"'cm™); fluorescence (DMF, JAex =550 nm):
Amax = 608 nm; quantum yield (DMF) @, =0.81; MS (FAB): m/z = 1822.27 [M],
1823.29 [M'+H] (calcd: 1822.32); elemental analysis: caled (%) for
Ci122H116Ng0g-2H,0 (1858.30): C, 78.85; H, 6.51; N, 6.03; found C, 78.44; H, 6.46; N,
5.89.

Trimeric Zn(Il)-Metallomacrocycle 2: A stock solution of zinc(ll) triflate
monohydrate (6.1 pymol, 200 puL) was added to a solution of ligand 1 (11.2 mg, 6.1
pmol) in CDCI3/CD3CN (60:40, 1 mL) and the solution was stirred for 10 min at room
temperature. The exact 1:1 stoichiometry is confirmed by 'H NMR. The solution was
then concentrated and the product was precipitated by addition of acetonitrile (3 mL)
and isolated by centrifugation and subsequent filtration to yield 12.0 mg (90%) of

pure metallomacrocycle 2.

'H NMR (400 MHz, CDCI3/CDsCN (60:40), 25 °C, TMS): 5=8.94 (s, 12H, H3'5"),
8.66 (d, J =7.9 Hz, 12H, H3,3"), 8.25-8.32 (m, 6H, H4"), 8.05-8.14 (m, 12H, H4,4"),
8.12 (s, 12H, Heey), 8.02 (s, 6H, H2™), 7.87-7.93 (m, 6H, H5™), 7.76 (d, J = 4.7 Hz,
12H, H6,6"), 7.61 (d, J = 7.6 Hz, 6H, H6™), 7.36-7.41 (m, 12H, H5,5"), 7.32 (d, J =
8.6 Hz, 24H, Hy,), 6.93 (d, J = 8.6 Hz, 24H, Ha), 1.71 (s, 24H, CH.), 1.33 (s, 72H,
CHs), 0.74 (s, 108H, CHs); UV/Vis (DMF): Amax (€) = 580 (143.000), 540 (91.000),
445 nm (48.800 M"'cm™);  fluorescence (DMF, Jex=550 nm):  Amax= 608 nm;
quantum yield @ =0.75; MS (MALDI-TOF, chloroform/acetonitrile (60:40), DCTB
matrix): m/z = 6576.3 [(1)sZns(OTf)s(H20)] (2°H20), 6409.3 [(1)sZn3(OTf)s], 6260.1
[(1)3Zn3(OTf)s], 4584.2 [(1)2Zn3(OTf)s], 4221.4 [(1).Zn2(OTH)s], 4072.6 [(1)2Zno(OTH)],
3858.6 [(1),Zn(OTf)] and 2036.3 [(1)Zn(OTf)].

'H NMR Titration Experiment: "H NMR titration was carried out by adding 0.2 to 2.0
equivalents of Zn(OTf), (in portions of 0.2 equiv.) to a solution of 1 (2 mM) in a
mixture of chloroform[D]/acetonitrile[D3] (60:40). '"H NMR spectra were recorded on a
Bruker Avance 400 spectrometer after addition of each portion of 0.2 Zn(OTf), using

tetramethylsilane (TMS) as an internal standard.
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DOSY NMR Spectroscopy: 'H DOSY experiments were carried out at 298 K on a
Bruker DMX 600 spectrometer equipped with a BGPA 10 gradient generator, a BGU
Il control unit and a conventional 5 mm broadband (**N-*'P)/"H probe with automatic
tune/match accessory and z axis gradient coil capable of producing pulsed magnetic
field gradients in the z direction of 52 G cm™. Data were acquired and processed
using the Bruker software XWIN-NMR 3.5, patch level 6. The diffusion time A was
kept constant in each DOSY experiment, whereas the sinusoidal diffusion gradients
were incremented from 2% to 95% of maximum gradient strength in 32 linear steps.
Signal averaging ranged from 16 to 288 scans per increment as required for
adequate signal-to-noise ratio. The "H NMR spectra were recorded in CDCls/CDsCN
(60:40) solution in 5 mm NMR tubes and referenced to interal TMS. The DOSY
experiments with short bipolar gradient pulses of 4.4 ms length were performed for
each sample to measure the diffusion coefficient of TMS to which the results were
finally normalized to eliminate minor temperature and viscosity differences between

the different systems.

Atomic Force Microscopy (AFM): AFM measurements were carried out under
ambient conditions by using a Veeco MultiMode™ Nanoscope IV system (Veeco
Metrology Inc.) operating in tapping mode in air. Silicon cantilevers (Olympus
Corporation) with a resonance frequency of ~ 300 kHz were used. The 512 x 512
pixel images were collected at a rate of 2 scan lines per second. Solution of ligand 1
and metallomacrocycle 2 in DMF (¢ = 2.4x10®° mol/L) was spin-coated on a highly
ordered pyrolytic graphite (HOPG, Nano Technology Instruments — Europe) under
7000 rpm.
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Chapter 5

Summary

In the recent past, metallosupramolecular assemblies of organic dyes have
been of increasing interest as model systems for natural light-harvesting and
photosynthetic complexes. Well-designed metal-ion-directed self-assemblies of
functional materials are also investigated for application in organic solar cells,
sensors, and optoelectronic devices. Perylene bisimide (PBI) dyes are an important
class of chromophores with excellent perspectives for such applications due to their
favorable optical and electronic properties and high photostability.

The subject of this thesis was the synthesis and characterization of PBl-based
fluorescent metallosupramolecular polymers and cyclic arrays. Terpyridine receptor
functionalized PBIs of predesigned geometry have been used as building blocks to
construct desired macromolecular structures through metal-ion-directed self-
assembly. These metallosupramolecular architectures have been investigated by
NMR, UV/Vis and fluorescence spectroscopy, mass spectrometry, and atomic force

microscopy (AFM).
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In the introductions first chapter a brief overview on the current development in
metal-ion-directed self-assembly of dyes to macrocyclic and polymeric architectures
is given.

Chapter 2 reports the synthesis of regioisomerically pure 1,7-pyrrolidinyl-
substituted perylene dyes 2-8 (Chart 1) form 1,7-dibromoperylene bisimide 1, which
was prepared for the first time in regioisomerically pure form by bromination of
perylene bisanhydride, followed by imidization with cyclohexylamine and successive

recrystallization.

3 3R=

O N0 05 0.0 0s0-_0 0 Rr\‘l1 o 4R = "*jlﬁ _ @N
O ) 0 ) O N CO) " eR=Ry=
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Chart 1. 1,7-Dibromoperylene bisimide 1, 1,7-Dipyrrolidinyl-substituted perylene bisanhydride 2,

unsymmetrical imide-anhydride 3 and bisimide 4, and symmetrical bisimides 5-8.

Since perylene monoimide monoanhydrides are important starting materials
for the synthesis of unsymmetrical PBI, optimum reaction conditions were worked out
for partial saponification of 5 to obtain pure dipyrrolidinyl-functionalized perylene
monoimide monoanhydride 3 in 88% yield. The prolongation of reaction time for the
saponification of 5 afforded bisanhydride 2, which was successfully applied for the
synthesis of regioisomerically pure 1,7-dipyrrolidinylperylene bisimides 6-8 and for
the building blocks 9 (see Scheme 1) that have been used in metal-ion-mediated
supramolecular polymerization (Chapter 3).

The synthesis of (2,2".6',2"-terpyridine)-functionalized PBI (tpy PBI) building
blocks and their metal-ion-directed self-assembly is presented in Chapter 3. These
studies reveal that the newly synthesized ditopic bis(tpy) PBI ligands, in which the tpy
units are directly connected to PBI moieties at the imide positions, form coordination
polymers upon addition of Zn(ll) ion in a reversible manner. The ligands 9-12
(Scheme 1) have been synthesized by the reaction of the respective perylene

bisanhydride or monoimide monoanhydride with 4'-amino-2,2".6',2"-terpyridine.
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Zn(0Tf),
(1 equiv.)
CHCI4/CH;0H
13: X=H,Y =Pyr
(= p-tOctPhO) 14: X, Y = p-tOctPhO
Zn(OTf),
(0.5 equiv.)
CHCI3/CH;0H
11: X=H,Y =Pyr,R = ~$(= Cy) (11),Zn(OTf),: R=Cy, X =H, Y = Pyr
12:X,Y = “oﬁ (= p-tBUPhO), R = n-C,4Ho (12),Zn(OTf),: R = n-C4Hg; X, Y = p-tBuPhO

Scheme 1. Novel terpyridine-based buildings blocks 9-12 and their metal-ion-directed self-assembly:

metallosupramolecular polymers 13 and 14, and dimeric complexes (11),Zn(OTf), and (12),Zn(OTf),.

Prior to investigating the self-assembly properties of bis(tpy) PBI ligands 9 and
10 under metal ion mediation, the complexation of monotopic reference compounds
11 and 12 with Zn(ll) ion was studied as these ligands should form dimeric
complexes at a 2:1 ratio of ligand and Zn(ll) ion, and the spectroscopic data, in
particular '"H NMR data, of such dimers are helpful for the elucidation of
supramolecular polymerization of ditopic ligands. Further evidence for the formation
of dimer complexes was obtained by MALDI-TOF mass spectrometry. Reaction of
the respective bis(tpy) PBI ligand with exactly one equivalent of Zn(ll) ion led to the
formation of the supramolecular coordination polymers, which have been studied in
detail by '"H NMR, DOSY NMR, and UV/Vis spectroscopy. 'H DOSY NMR technique
was used to examine the change of diffusion coefficient of the bis(tpy) PBI system
upon stepwise addition of Zn(ll) ion that leads first to the formation of coordination
polymer and subsequently to their fragmentation, revealing a reversible self-
assembly process. The complexation of ligand monomers with Zn(ll) ion is shown to
be useful to preserve the fluorescence properties of PBI chromophores in polymer.
The polymer formation was visualized by atomic force microscopy (AFM) and their
self-organization on surfaces was explored (Figure 1). Indeed, present design

principle to connect tpy unit directly to PBI without any spacer provided rigid
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supramolecular polymers with significantly longer average chain length than that
observed previously for tpy PBI ligands containing additional phenylene spacers. The
average chain length for the present coordination polymers is estimated as to 35
repeat units that correspond to a molecular weight of ~ 30.000 to 60.000 g/mol. AFM
also revealed the formation of a homogeneous monolayer on negatively charged
mica and neutral HOPG substrate as well. Multilayer film of coordination polymers
with different optical properties were prepared in alternate fashion by layer-by-layer
(LBL) deposition technique, the surface density I of PBI chromophores in these films
could be estimated, and the root mean square (RMS) value of the surface roughness

was determined by AFM measurement of the LBL multilayers.

Figure 1. (a,b) Taping mode AFM height (a) and phase (b) images of coordination polymers 14 on
mica spin-coated (4000 rpm) from DMF solution (0.05 mg/mL). (c) Molecular modeling of coordination
polymers 14. Three repeat units are shown, carbon atoms are presented in grey, nitrogen and oxygen

in blue and red, respectively, and zinc atoms in green.
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Honeycomb-structured 2D nanopatterns by metal-ion-directed hierarchical
self-assembly of tpy-PBIl building blocks are described in Chapter 4 (Figure 2).
Angular bis(tpy)-PBI ligand 15 with an angle of 120° between tpy moiety and PBI
core was achieved by linking the 4'-position of tpy ligand to the meta-position of the
phenylene spacer. Since 120° is the internal angle of a hexagon, metal-ion-mediated
self-assembly of angular ditopic PBI ligand 15 led to the trinuclear metallocycle 16

with almost hexagonal geometry (Figure 2).

Zn(OTf),
(1 equiv.)
CHCI3/CH3CN

Em—

Figure 2. Formation of trimeric metallomacrocycle 16 by Zn(ll)-ion mediated self-assembly of
bis(terpyridyl) PBI ligand 15 at a 1:1 stoichiometry of 15/Zn(OTf),; bottom right: structure obtained by
molecular modeling of trimeric Zn(ll)-metallomacrocycle 16 (top view); bottom left: tapping mode AFM
image of films spin-coated from DMF solution of 16 onto HOPG, inset shows a zoomed and filtered
unit of the hexagonal domains and proposed model for the molecular arrangement of the cyclic trimers

16 in honeycomb structures.

Evidence for the formation of metallomacrocycle 16 at a exact 1:1 ratio of 15 and
Zn(ll) ion was obtained by 'H NMR and DOSY spectroscopy. Further structural
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characterization of this macrocycle was achieved by MALDI-TOF MS providing
expected mass peak of trimer 16 and additional peaks of multi-charged fragments.
The optical properties of ditopic PBI ligand 15 and cyclic trimer 16 in DMF have been
explored by UV/Vis absorption and fluorescence spectroscopy. The coordination of
Zn(ll) ion to tpy has little effect on the absorption properties of PBI unit as trimeric
metallocycle 16 shows a similar absorption profile compared to that of ligand 15 with
slightly shifted maxima. For metallocycle 16, an extinction coefficient of
143.000 M'em™ at Amax= 580 nm is observed, which is nearly three-times higher
than that for ligand 15 (50.700 M'ecm™ at 586 nm). From functional point of view, it is
quite interesting that metallocycle exhibits a high fluorescence quantum yield of 75%
(in DMF) which is very close to that of free ligand (81%). The self-assembly of cyclic
array 16 on HOPG is investigated by AFM. The high resolution height AFM images
clearly reveal the honeycomb-structured 2D assemblies of metallomacrocycles that
cover the HOPG surface up to several square micrometers (Figure 2, bottom left).

In conclusion, new fluorescent supramolecular materials were prepared by
metal-ion-directed self-assembly of tpy-functionalized PBI dyes. It was revealed that
structural variation of tpy ligand can be utilized to tailor the structural properties of
metallosupramolecular architectures as supramolecular polymers were obtained
using linear bis(tpy)-PBIl ligands and metallocycles were afforded from angular
bis(tpy)-PBI ligands. Self-organization of metallocycles obtained from angular
bis(tpy)-PBI building blocks led to the formation of 2D hexagonal patterns. These 2D
nanopatterns are reminiscent of cyclic dye arrays in the purple bacterial

photosynthetic membrane.
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Chapter 6

Zusammenfassung

Selbstorganisierte metallsupramolekulare Assoziate organischer Farbstoffe
haben in jungster Vergangenheit zunehmend Interesse als Modellsysteme zur
naturlichen Lichtsammlung und flr photosynthetische Komplexe gefunden.
Supramolekulare Strukturen, die durch Metallionengesteuerte Selbstorganisations-
prozesse gebildet wurden, werden derzeit aber auch bereits als funktionelle
Materialien in organischen Solarzellen, Sensoren und Leuchtdioden eingesetzt.
Perylenbisimid (PBIl)-Farbstoffe gehdren zu den aussichtsreichsten Chromophor-
Klassen fur diese Anwendungen aufgrund ihrer hervorragenden optischen und
elektronischen Eigenschaften sowie einer herausragenden Photostabilitat.

Die vorliegende Arbeit beschaftigt sich mit der Synthese und
Charakterisierung von fluoreszierenden metallsupramolekularen Koordinations-
polymeren und Makrozyklen. Als Bausteine fur die Bildung dieser makromolekularen
Strukturen durch Metallionen-induzierte Selbstorganisationsprozesse wurden
Terpyridin-funktionalisierte  Perylenbisimide verwendet, welche die bendtigte

Geometrie besitzen. Die Charakterisierung der Komplexbildung und der optischen
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Eigenschaften der gebildeten metallsupramolekularen Architekturen, sowie die
Visualisierung der Makromolekule und Charakterisierung ihrer
Organisationseigenschaften auf verschiedenen Oberflachen wurden durchgefihrt.

Das erste Kapitel der Arbeit gibt einen kurzen Uberblick Uber die Metallionen-
induzierte Selbstorganisation der Farbstoffe zu makrozyklischen und polymer
Strukturen.

Kapitel 2 berichtet Uber Synthese der 1,7-Dipyrrolidinylperylenbisimide 2-8 in
regioisomerenreiner Form aus 1,7-Dibromperylenbisimid 1, welches durch
Bromierung des Perylenbisanhydrids, nachfolgende Imidisierung mit Cyclohexylamin

und sukzessiver Rekristallisation erhalten wurde.

P
o 0w 0. .0 0s_0._0 O _N__O 4R = mj& _ @N
AL o e oo o'l BT
COyt T ot o T eRere (O
o 0”7 o Yo 07 "N o 07 "N"o 7:R=Rq= ———@cqus

|
R R
OC12H2s
1

9 3 4-8 8:R= R1 = - OCyzHas

OCyzHas

Ri

N._0O
N~ "0

Abbildung 1. 1,7-Dibromperylenbisimid 1, 1,7-Dipyrrolidinyl-substituiertes Perylenbisanhydrid 2,

Monoimide 3 und Bisimide 4-8.

Perylenmonoimide sind sehr wertvolle Synthesebausteine, weil ihre
Funktionalisierung mit verschiedenen Substraten einen Zugang zu unsymmetrischen
Perylenbisimiden ermdglicht. Die Reaktionsbedingungen fur die partielle Verseifung
von 5 wurden optimiert, um reines Dipyrrolidinyl-funktionalisiertes Perylenmonoimid 3
in hoher Ausbeute zu erhalten. Eine Verlangerung der Reaktionszeit fihrt zum
Entstehen des Bisanhydrides 2. Dies wurde erfolgreich auf die Synthese der
regioisomerenreinen 1,7-Dipyrrolidinylperylenbisimide 6-8 angewendet, sowie auch
auf die Synthese des neuen Bausteines 9 (Schema 1), welcher zur Bildung der
metallosupramolekularen Polymere verwendet wurde (Kapitel 3).

Die Synthese von 2,26'2"-Terpyridin-funktionalisierten PBI (tpy-PBI)
Bausteinen und ihre Metallionen-induzierte Selbstorganisation wird in Kapitel 3
vorgestellt. Diese Studien zeigen, dass die neuartigen ditopen Bis(tpy)-PBI-Liganden,

in welchen die tpy-Einheiten direkt am PBI in Imidposition verknlpft sind, eine
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reversible Bildung von Koordinationspolymeren bei Zugabe von Zn(ll)-lonen
bewirken. Die Darstellung der Liganden 9-12 (Schema 1) erfolgte durch Umsetzung
von 4'-Amino-2,2":6',2"-terpyridin mit dem jeweiligen Perylenbisanhydrid oder

Perylenmonoimid unter Bildung des entsprechenden Perylenbisimides.

Zn(0Tf),
(1 equiv.)
CHCI3/CH3OH
9:X=H,Y=-+~_]J(=Pyn 13:X =H,Y = Pyr
10: X, Y é‘o%(= p-tOctPhO) 14: X, Y = p-tOctPhO
Zn(OTf),
(0.5 equiv.)

CHCI3/CH30H

11: X=H,Y =Pyr,R = ~$(= Cy) (11),Zn(OTf),: R=Cy, X =H, Y = Pyr
12: X, Y = om = p-tBUPhO), R = n-C4Ho (12),Zn(OTf),: R = n-C4Hg; X, Y = p-tBuPhO
Schema 1. Neue Terpyridin-funktionalisierte Bausteine 9-12 und ihre Metallionen-gesteuerten

Architekturen: Metallsupramolekulare Polymere 13 und 14, und Dimer-Komplexe (11),Zn(OTf), und
(12),Zn(OTH),.

Vor der Untersuchung der Selbstorganisationseigenschaften der Bis(tpy)-PBI-
Liganden 9 und 10 unter Metallioneneinfluss, wurde zunachst anhand der
Modellverbindungen 11 und 12, die nur einen Terpyridin-Rezeptor tragen, die
Komplexierung mit Zn(ll)-lonen untersucht, da diese Liganden Dimer-Komplexe bei
einem Verhaltnis von 2:1 von Ligand zu Zn(ll)-lon bilden. Die so erhaltenen
spektroskopischen Daten und vor allem die Informationen aus den NMR-
Titrationsexperimenten sind sehr hilfreich fur die Aufklarung der supramolekularen
Polymerisation der ditopen Liganden. Einen weiteren Beweis fur die Bildung von
Dimer-Komplexen lieferte MALDI-TOF-Massenspektrometrie. Die Umsetzung des
jeweiligen Bis(tpy)-PBI-Liganden mit exakt einem Aquivalent Zn(ll)-lonen bewirkte
die Bildung des supramolekularen Koordinationspolymers, welches durch 'H-NMR-,
DOSY-NMR- und UV/Vis-Spektroskopie eingehender untersucht werden konnte.

137



Chapter 6 Zusammenfassung

Mittels  diffusionsabhangiger ~NMR-Technik konnte die Anderung des
Diffusionskoeffizienten des Bis(tpy)-PBI-Systems unter schrittweiser Zugabe der
Zn(ll)-lonen detektiert werden. Die Zugabe von Zn(ll)-lonen fuhrte zuerst zur Bildung
des Koordinationspolymers und in der Folge zu seiner Fragmentierung, welche einen
reversiblen Selbstorganisationsprozess offenbarte. Die Komplexierung des Bis(tpy)-
PBI-Liganden mit Zn(ll)-lonen beeinflusste nur geringfugig die
Fluoreszenzeigenschaften der Perylenbisimideinheit, so dass die optischen
Eigenschaften des PBI-Chromophors im Polymer erhalten blieben.

Durch Rasterkraftmikroskopie (AFM)-Messungen konnten die metallosupra-
molekularen Polymere und ihre Selbstorganisation auf unterschiedlichen

Oberflachen visualisiert werden (Abbildung 2).

Abbildung 2. (a,b) ,Tapping mode“ AFM-HOhen- (a) and Phasenbilder (b) des Koordinationspolymers
14 auf Mica. (c) Molekulare Modellierung des Koordinationspolymers 14. Drei Wiederholungseinheiten
sind gezeigt, Kohlenstoffatome sind grau, Stickstoff- und Sauerstoffatome sind blau bzw. rot und

Zinkatome gruin abgebildet.
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Das in dieser Arbeit vorgeschlagene Konzept, die tpy-Einheit direkt mit dem PBI
ohne Phenylenbricke zu verbinden, ermdglichte die Bildung der starren
supramolekularen Polymere mit deutlich langerer durchschnittlicher Kettenlange, als
fur Bis(tpy)-PBI-Liganden mit Phenylenbricke. Die Auswertung der AFM-Bilder ergab
eine durchschnittliche Kettenlange von ca. 35 Wiederholungseinheiten, was einem
Molekulargewicht von ca. 30 000 bis 60 000 g/mol entspricht. Die AFM-Messungen
zeigten ebenso die Bildung einer homogenen Monoschicht auf negativ geladenem
Glimmer, sowie auf neutralem hochgeordneten pyrolytischen Graphit (HOPG). Ein
weiterer supramolekularer Strukturbildungsprozess wird beschrieben, in dem der
polykationische = Charakter der Polymere genutzt wurde, um einen
polyelektrolytischen Film aus Koordinationspolymeren mit unterschiedlichen
optischen Eigenschaften im alternierenden Verfahren herzustellen. Der sukzessive
Aufbau der Schichten durch die ,Layer-by-Layer® (LBL)-Beschichtungsmethode lief3
sich Uber UV/Vis-Spektroskopie verfolgen. Ferner konnten die Oberflachendichte I
der PBI-Chromophore in diesem Film und der quadratische Mittelwert (RMS) der
Oberflachenrauheit bestimmt werden.

Bienenwabenartige, zweidimensionale Nanostrukturen, die durch Metallionen-
induzierte hierarchische Selbstorganisationsprozesse von PBIl-Liganden gebildet
wurden, sind in Kapitel 4 beschrieben (Abbildung 3). Der abgewinkelte Bis(tpy)-PBI-
Ligand 15 weist einen Winkel von 120° zwischen tpy-Rezeptor und PBI auf, was
durch eine Verbindung des tpy-Liganden an der 4'-Position mit der meta-Position der
Phenylenbricke erreicht werden konnte. Da der interne Winkel eines Sechseckes
120° Dbetragt, fuhrte die Metallionen-induzierte Selbstorganisation solcher
winkelférmiger ditoper PBI-Liganden zur Bildung eines zyklischen Trimers 16 mit
nahezu hexagonaler Geometrie. Molekulare Modellierung der Assoziate zeigte, dass
keine sterischen Behinderungen bei dem Selbstorganisationsprozess der PBI-
Liganden mit Zn(ll)-lonen zu erwarten waren (Abbildung 3).

Den Beweis fur die Bildung des Metallomakrozyklus 16 durch reversible Zn(ll)-
Bis(tpy)-Koordination lieferten 'H-NMR-DOSY-Untersuchungen. Eine weitere
strukturelle Charakterisierung dieses zyklischen Trimers wurde durch MALDI-TOF-
Massenspektrometrie erhalten. Das Massenspektrum zeigt die Anwesenheit des
Zyklus 16 und seiner multigeladenen Fragmente. Die optischen Eigenschaften des
PBI-Liganden 15 und zyklischen Trimers 16 in DMF wurden ebenso durch UV/Vis-

Absorptions- und Fluoreszenzspektroskopie untersucht. Die Koordination der Zn(ll)-
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lonen beeinflusste die exzellenten Absorptions- und Fluoreszenzeigenschaften
dieses gewinkelten Liganden nur geringflugig. Der Extinktionskoeffizient des
Metallmakrozykluses betragt 143 000 M™'cm™ bei Amax = 580 nm, welcher fast dreimal
hoher ist, als der des Liganden 15 (50 700 M'ecm™ bei 586 nm). Aus funktioneller
Sicht ist es sehr interessant, dass der Metallzyklus 16 eine
Fluoreszenzquantenausbeute von 75% (in DMF) aufweist, die sehr nahe an der des
unkomplexierten PBI-Liganden 15 liegt (81%).

Zn(OTf),
(1 equiv.)
CHCI3/CH3CN

Em—

Abbildung 3. Bildung eines hexagonalen Metallmakrozyklus 16 durch Zn(ll)-lonen-induzierte
Selbstorganisation des Bis(tpy)-PBI-Liganden 15 bei Erreichen einer 1:1-Stéchiometrie von
15/Zn(OTf),; unten rechts: durch molekulare Modellierung berechnete Struktur des Metallmakrozyklus
16 (Ansicht von oben); unten links: ,tapping mode® AFM-Aufnahme des Filmes, der mittels
Rotationsbeschichtungsmethode der DMF-Lésung von 16 auf HOPG aufgetragen wurde; der
Einschub zeigt eine vergrofRerte und gefilterte Einheit der sechseckigen Doméanen und das
vorgeschlagene Modell der molekularen Anordnung der zyklischen Trimere 16 in den
Wabenstrukturen.
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Die Visualisierung und der Selbstorganisationsprozess des zyklischen Trimers
16 auf HOPG wurden durch AFM-Messungen untersucht (Abbildung 3, unten links).
Die hochaufgelosten AFM-Aufnahmen zeigen eine hierarchische 2D-Anordnung des
Metallmakrozyklus in einer bienenwabenféormig strukturierten Schicht, welche die
Oberflache bis zu mehreren Quadratmikrometern bedeckt.

Zusammenfassend wurden in dieser Arbeit neue fluoreszierende
supramolekulare Materialien durch Metallionen-induzierte Selbstorganisations-
prozesse hergestellt. Es wurde gezeigt, dass die strukturelle Anderung des tpy-
Liganden fiur die Modifizierung der strukturellen Eigenschaften seines Metall-
Komplexes genutzt werden konnte. Es konnte gezeigt werden, dass ein linearer
Bis(tpy)-PBI-Ligand metallsupramolekulare Polymere liefert, wahrend ein gewinkelter
Bis(tpy)-PBI-Baustein die Bildung von zyklischen metallosupramolekularen Trimeren
ermdglicht. Bei der Adsorption dieser supramolekularen Strukturen auf Substrate
konnten zweidimensionale Monolagen beobachtet werden. Im Falle des gewinkelten
Bis(tpy)-PBI-Liganden tritt die Bildung eines 2D-hexagonalen Musters auf. Diese 2D-
Nanostrukturen  erinnern  an  zyklische  Farbstoffanordnungen in  der

photosynthetischen Membran von Purpurbakterien.
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Appendix

Atomic Force Microscopy Investigations of

Dye Assemblies

This Appendix gives a brief overview on atomic force microscopy (AFM)™
investigations of supramolecular dye assemblies that | have carried out in
cooperation with other members of our and other research groups at the Institut fur
Organische Chemie in Wurzburg. The chemically pre-designed dye molecules form
defined supramolecular self-assemblies in one, two or three dimensions by virtue of
noncovalent interactions. The major objective of these investigations is to study the
arrangement of special functional units with nanometer dimensions into defined
molecular architectures in solution and on surfaces with potential applications of
these systems in nanotechnology, for example as molecular information storage
devices, diagnostic sensors, functional surfaces. This requires a precise control of
the structures at very different length scales ranging from molecular size to
micrometers. The visualization of nanometer-sized self-assembled structures and
their self-organization on surfaces has been possible by AFM imaging that is a

fundamental and an integral part of the research in supramolecular chemistry.
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Rigid-Rod Metallosupramolecular Polymers of Dendronized
Diazadibenzoperylene Dyes!?

The synthesis, characterization, and metal-ion-mediated supramolecular

polymerization of diazadibenzoperylenes (DABP) 1-3 equipped with first to third
generation Fréchet-type dendrons were reported.?

[Gl,z.a]YO

o
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Silver(l) ion-mediated polymerization of DABP dendrimers was investigated by NMR
spectroscopy. To provide further evidence for metal-ion-directed polymerization and
to gain insight into the structural features of the desired polymers, AFM investigations
were performed. Figure 1A illustrates schematically the formation of encapsulated
rigid-rod coordination polymers by metal-ion-directed self-assembly of DABP dyes
and Figure 1B-D shows the tapping mode AFM images of samples prepared by spin-
coating solutions of 1:1 stoichiometric mixtures of 1-3 with AgOTf in DMF onto HOPG.
These studies provided clear evidence that dendronized diaza aromatic building
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blocks can be polymerized by metal ion coordination to afford defined rigid-rod

polymers.?

o +.f_—n-

Dendronized  Metal lon
DABP

Figure 1. (A) Schematically representation of the formation of coordination polymers. (B-D) AFM

height images of ligands 2, 3, and 4 in the presence of one equivalent of AgOTf (B, C, and D,
respectively) on HOPG. Scale bar: 200 nm; z scale: 12 nm. (Reprinted with permission from ref. 2.
Copyright (2006) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).

The supramolecular polymerization was shown to be highly dependent on the
generation number of the attached dendrons; thus, first and second generation
dendrimers afforded polymeric materials (Figure 1B,C), while the third generation
resisted polymerization as a result of the shielding of the aza coordination site by
dendritic wedges (Figure 1D). The first and second generation, metal ion/dye-
encapsulated rigid-rod polymers constitute an interesting class of n-conjugated
materials.
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Functional Organogels from Highly Efficient Organogelator Based on Perylene
Bisimide Semiconductor®!

Perylene bisimide (PBI) organogelator 4 exhibits pronounced gelation capabilities
leading to interpenetrating networks of PBI stacks in a broad variety of solvents,
including electron-rich aromatic solvents such as thiophene.®! AFM is the method of
choice to explore the morphology on the nano- and mesoscopic scale that directs the
network formation and the concomitant gelation capabilities. Remarkably, quite

similar well-defined fibrous structures could be observed upon spin-coating of diluted

gel solutions from different solvents (Figure 2).
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Figure 2. AFM height images of films spin-coated from diluted gel solutions of 1 in toluene (1x10™ M)
onto HOPG (A) and mica (B and C); (D) is zoomed region image from (C). In images (A), (B) and (C)
the scale bar corresponds to 200 nm and the z scale is 10 nm. (E) shows the cross-section analysis
corresponding to the white line of (C) and (F) depicts a suggested packing model for self-assembled
P-configured hydrogen-bonded aggregate with a diameter of 6.0 nm. (Reprinted with permission from
ref. 3. Copyright (2006) The Royal Society of Chemistry).”!
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One-dimensional Luminescent Nanoaggregates of Perylene Bisimides!

One-dimensional columnar stacking of highly photoluminescent PBI 5 was observed
in the bulk sample as well as in thin films cast from methylcyclohexane (MCH)

solution. AFM revealed a fingerprint-like structure composed of long and bending

columns of PBI aggregates (Figure 3).
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Figure 3. AFM image of a thin-film spin-coated from solution of 5 in MCH (4><1O'4 M) onto HOPG. (A)

Topography image and (B) higher resolution image. Cross section analysis corresponding to the
yellow line of (A) and proposed model for the packing of columnar stacks on HOPG. (Reprinted with

permission from ref. 4. Copyright (2006) The Royal Society of Chemistry).[‘”

The width of the column was about 3.9 nm and the height was 2.3 nm. Both values
are in good agreement with molecular modelling studies, which suggest a length of 4

nm for 5 along its long axis for fully extended alkyl chains.
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Supramolecular Construction of Fluorescent J-Aggregates Based on
Hydrogen-Bonded Perylene Dyes™

The unprecedented packing of PBI dyes 6 in a strongly slipped arrangement could be
tailored by supramolecular design through perylene core twisting enforced by bay
substituents, the attachment of trialkoxyphenyl wedges, and head-to-tail alignment of
the dyes through hydrogen-bonding interactions. The outstanding fluorescence
properties of the chosen fluorophore provided for the first time J-aggregates that

fluoresce with quantum yields of near unity."
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AFM was used to elucidate the size and shape of these aggregates. AFM images on
silicon wafers (Figure 4) reveal a network of defined fibres whose size (height:
2.0+£0.2 nm; width: 8.4+2.6 nm) is in agreement with the expected dimensions of a
double string cable of the type suggested in Figure 4d. According to this model, a
rigid inner core (diameter ~3.0 nm) composed of helically twisted PBIs (red) with four
appended aromatic substituents (blue) and surrounded by a flexible periphery of
twelve Ci2Hzs aliphatic chains (gray).
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Figure 4. (a, b)Tapping mode AFM images of self-assemblies of 6 on silicon wafer spin-coated (2000
rpm) from a 9x10° M solution in MCH. The scale bars represent 300 nm, z scale is 6 nm. Image (c)
shows a magnified section of image (b), with a scale bar representing 45 nm. In (d), the aggregate
model is shown with distance p representing the helical pitch. The periodic top-to-top length
(corresponds to the half pitch p/2) of the helical structures in (b,c) was measured as 6.5 + 1.7 nm and
is in good agreement with the calculated value of 6 nm. (Reprinted with permission from ref. 5.
Copyright (2007) Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim).[sl

A Black Perylene Bisimide Super Gelator with an Unexpected J-Type
Absorption Bank'®

Chiral core-unsubstituted PBI 7 self-assembles into dye aggregates with
strongly bathochromically shifted J-type absorption bands in solution and in the
organogel state.'” Circular dichroism (CD) spectroscopy and AFM revealed an
efficient chirality transfer from the chiral peripheral side chains to the supramolecular
level for these dye aggregates. Thus, the AFM images of spin-coated solutions of
PBI 7 consistently showed the same characteristic nanofibers that are of left-handed

helicity exclusively, irrespective of the choice of solvent or substrate (Figure 5). The
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height of these fibers is 2.2-2.7 nm and the helical pitch is 6.5-6.8 nm, revealing a

negligible influence of the solvent and substrate on the dimensions of fibers.

Figure 5. AFM height (A,B,C) and phase (D) images of films spin-coated from diluted gel solutions of
PBI 7 in MCH (0.6mM) onto HOPG (A,B) and in toluene (0.2mM) onto silicon wafer (C,D). The white
scale bar in images A,B and C,D corresponds to 100 and 200 nm, respectively. The z scale is 8 nm in
(A,B) and 9 nm in (C,D). The inset in (B) shows the cross-section analysis along the yellow line.
(Reprinted with permission from ref. 6. Copyright (2008) Wiley-VCH Verlag GmbH& Co. KGaA,

Weinheim).®
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A New Type of Soft Vesicle-Forming Molecule: An Amino Acid Derived
Guanidiniocarbonyl Pyrrole Carboxylate Zwitterion!”

A hierarchical self-assembly of small zwitterion 8, which does not have a classical
amphiphilic structure with well-separated polar and non-polar segments, led to the
formation of soft vesicles even in polar solutions.” AFM, dynamic light scattering
(DLS), and transmission electron microscopy (TEM) were performed to investigate
the self-assembly of 8. For AFM analysis, a solution of 8 in DMSO was spin-coated
onto silica wafer and analyzed in the tapping mode. Figure 6 shows spherical
particles with a mean diameter of ca. 25 nm and a height of ca. 4 nm, about six times

smaller than the average diameter.

solvent filled
= softer than periphery

—

. i I surface |

T
0 0.2 0.4 um

Figure 6. Suggested membrane formation via the self-assembly of 8 (A). AFM height image (B) of 8
on silica wafer (Z scale is 12 nm) shows spherical aggregates. The cross section analysis along the
yellow line (D) provides a mean diameter of ca. 25 nm and a height of 4 nm. The appearance of the
vesicles in the phase image (C) is typical for deformed soft hollow vesicles on a surface (E).
(Reprinted with permission from ref. 7. Copyright (2008) American Chemical Society).™
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The mean diameter of 25 nm of the patrticles is significantly larger than the molecular
dimension of zwitterion 8 (ca. 1.4 nm estimated from molecular modelling). Therefore,
it is very unlikely that the particles are micelle-like aggregates, which generally have
a diameter about twice as large as the molecular dimension. Instead, the profile of
the particles in the phase image (Figure 6C) clearly indicates these particles as soft,
hollow vesicles, which typically show a lower central part that is surrounded by a
higher periphery in AFM experiments.

Conclusion

Atomic force microscopy is a very important tool in modern supramolecular
chemistry. Using this technique, the visualization and structural characterization of
nanometer-sized self-assembled architectures are possible. Here it could be shown
that AFM investigations of supramolecular dye assemblies provide information about

their structural and organizational properties.
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