
 

Supramolecular charge transfer systems

Citation for published version (APA):
Rösch, A. T. (2021). Supramolecular charge transfer systems. [Phd Thesis 1 (Research TU/e / Graduation
TU/e), Chemical Engineering and Chemistry]. Eindhoven University of Technology.

Document status and date:
Published: 21/06/2021

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023

https://research.tue.nl/en/publications/a939ad11-bdc1-4905-9047-fd35ce73048f


Supramolecular charge transfer systems 

 

 

 

 

 

PROEFSCHRIFT 

 

 

 

ter verkrijging van de graad van doctor aan de Technische Universiteit Eindhoven,  

op gezag van de rector magnificus prof.dr.ir. F.P.T. Baaijens, 

voor een commissie aangewezen door het College voor Promoties, 

in het openbaar te verdedigen op maandag 21 juni 2021 om 16:00 uur 

 

 

 

door 

 

 

 

Andreas Thomas Rösch 

 

geboren te Wertheim, Duitsland 

  



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de 
promotiecommissie is als volgt: 

voorzitter:  prof.dr. F. Gallucci 
1e promotor: prof.dr. E.W. Meijer 
copromotor: prof.dr.ir. A.R.A. Palmans 
leden:  prof.dr. S. De Feyter (KU Leuven) 

prof.dr. H.-W. Schmidt (University of Bayreuth) 
prof.dr. Ž. Tomović 

  dr. S.C.J. Meskers 
adviseur : dr. G.M.E. Vantomme 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Het onderzoek of onderwerp dat in dit proefschrift wordt beschreven is uitgevoerd in 

overeenstemming met de TU/e Gedragscode voor Wetenschapsbeoefening. 



 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cover design: Andreas Rösch 

Printed on recycled paper by: Gildeprint – the Netherlands 

 

A catalogue record is available from the Eindhoven University of Technology Library 

ISBN: 978-90-386-5287-0 

 

This work has been supported financially by the Dutch Ministry of Education, Culture 

and Science (Gravity program 024.001.035). 



 

Table of contents 

Chapter 1  

Intra- and intermolecular charge transfer in organic materials 

1.1 Introduction ..................................................................................................................... 2 

1.2 Intramolecular charge transfer ........................................................................................ 3 

1.2.1 General remarks on organic dyes and color theory ................................................. 3 

1.2.2 Photophysical processes in (photo-)excited D-π-A dyes .......................................... 4 

1.2.3 Twisted ICT (TICT) and planar ICT (PICT) .................................................................. 6 

1.2.4 Impact of the solvent polarity on the fluorescence properties of D-π-A dyes ......... 7 

1.2.5 Enhanced reactivity in the excited-state .................................................................. 8 

1.2.6 Aggregation-induced emission ................................................................................. 8 

1.2.7 Design principles of D-π-A systems for sensing applications and organic electronics

 ......................................................................................................................................... 10 

1.2.7.1 Fluorescent probes based on D-π-A dyes ....................................................... 10 

1.2.7.2 Sensors for chemical species based on D-π-A dyes ........................................ 11 

1.2.7.3 Dye-sensitized solar cells ................................................................................ 12 

1.2.7.4 Bulk heterojunction solar cells ........................................................................ 13 

1.2.7.5 Organic light emitting diodes .......................................................................... 14 

1.2.7.6 Spintronic applications .................................................................................... 14 

1.3 Intermolecular charge transfer complexation between electron donor and electron 

acceptor chromophores ...................................................................................................... 15 

1.3.1 Milestones in research on CT complexes ............................................................... 15 

1.3.2 CT complex formation in solution .......................................................................... 16 

1.3.3 Liquid crystalline CT complexes .............................................................................. 18 

1.3.4 Crystalline CT complex between pyrene and NDI chromophores .......................... 19 

1.4 Surface patterning using electron donor-electron acceptor systems ........................... 20 

1.4.1 Imaging D and A moieties on HOPG surface using scanning tunneling microscopy

 ......................................................................................................................................... 21 

1.4.2 Co-assembly of hexabenzocoronenes and perylene diimide in plane ................... 22 

1.4.3 Co-adsorption of alkoxy-pyrene on top of NDI lamellae ........................................ 24 

1.5 Aim and outline of the thesis ......................................................................................... 25 

1.6 References ..................................................................................................................... 26 

Chapter 2 
Synthesis and characterization of novel chiral squaraine dyes 

2.1 Introduction ................................................................................................................... 34 

2.2 Synthesis and characterization of novel squaraine dyes ............................................... 38 

2.2.1 Nucleophilic reagents as a prerequisite for squaraine dye formation ................... 38 



2.2.2 Synthesis and characterization of para-N,N-dimethylamino substituted squaraine 

dyes a-SQ-1, S-SQ-1 and u-SQ-1...................................................................................... 39 

2.2.3 Rotational isomerism of squaraine dye a-SQ-1 ...................................................... 43 

2.2.4 Synthesis and characterization of para-hydroxy substituted squaraine dyes a-SQ-2 

and S-SQ-2 ....................................................................................................................... 48 

2.2.5 Chemical stability of p-hydroxy substituted squaraine dyes a-SQ-2 and S-SQ-2 ... 51 

2.2.6 Synthesis and characterization of oDMS-functionalized para-N,N-dimethylamino 

substituted squaraine dyes ............................................................................................. 52 

2.3 Conclusions .................................................................................................................... 55 

2.4 Experimental Section ..................................................................................................... 56 

2.4.1 Materials and Methods .......................................................................................... 56 

2.4.2 Synthetic procedures.............................................................................................. 56 

2.4.3 Calculation of the activation energy barriers according to Shanan-Atidi ............... 65 

2.4.4 Density function theory .......................................................................................... 66 

2.5 References ..................................................................................................................... 67 

Chapter 3 
Helicity control in the aggregation of achiral squaraine dyes in solution and thin films 

3.1 Introduction ................................................................................................................... 72 

3.1.1 Mesomerism and pH dependent optical properties .............................................. 72 

3.1.2 Formation of H- and J-type aggregates .................................................................. 73 

3.1.3 Emission of fluorescence in the molecularly dissolved and aggregated state ....... 74 

3.1.4 Chiral squaraine dyes ............................................................................................. 75 

3.2 Photophysical properties in the molecularly dissolved state ........................................ 77 

3.3 Formation of CD active aggregates of a-SQ-1 and S-SQ-1 in aqueous solution ............ 83 

3.4 Formation of CD active aggregates of a-SQ-1 and S-SQ-1 in thin film........................... 86 

3.5 Aggregation of the siloxane-appended squaraine dyes ................................................ 92 

3.6 Cyclic voltammetry (CV) ................................................................................................. 93 

3.7 Organic field effect transistors (OFET) ........................................................................... 95 

3.8 Investigation of spin-filtering properties by magnetic-conductive atomic force 

microscopy ........................................................................................................................... 96 

3.9 Conclusions .................................................................................................................... 98 

3.10 Experimental Section ................................................................................................... 99 

3.10.1 Optical measurements ......................................................................................... 99 

3.10.2 Investigation of thin film morphology and spin-filtering properties .................. 100 

3.10.3 Determination of the Huang-Rhys parameter S ................................................. 100 

3.10.4 Cyclic voltammetry ............................................................................................. 101 

3.10.5 Organic field effect transistors ........................................................................... 101 

3.11 References ................................................................................................................. 101 



 

Chapter 4 
Towards novel graphitic carbon nitrides: a supramolecular approach 

4.1 Introduction ................................................................................................................. 106 

4.2 Synthesis of supramolecular building blocks containing the s-heptazine motif .......... 107 

4.2.1 Synthesis of s-heptazine tribenzoic acid 5 ............................................................ 107 

4.2.2 Synthesis of amide functionalized s-heptazines ................................................... 108 

4.3 Characterization in the solid state ............................................................................... 109 

4.3.1 Fourier-transform infrared spectroscopy ............................................................. 109 

4.3.2 Thermal properties of amide functionalized s-heptazines AHA and UAHA ......... 110 

4.4 Assessing the formation of CD active aggregates by AHA and UAHA in solution and in 

thin film.............................................................................................................................. 111 

4.5 Investigating the thermal stability of the morphologies of thin films and the impact of 

heating on optical properties ............................................................................................ 114 

4.6 Conclusions and outlook .............................................................................................. 117 

4.7 Experimental Section ................................................................................................... 118 

4.7.1 Materials and Methods ........................................................................................ 118 

4.7.2 Synthetic procedures............................................................................................ 118 

4.8 References ................................................................................................................... 121 

Chapter 5 
Tuning the pitch of N,N’-bis(n-alkyl)-naphthalenediimide double lamellae in 2D and 3D 

5.1 Introduction ................................................................................................................. 126 

5.2 Synthesis and characterization of N,N’-bis(n-alkyl)-naphthalene-diimides ................. 129 

5.3 Optical properties of the NDIs ..................................................................................... 130 

5.4 Physisorbed self-assembled monolayers formed at the solution/HOPG interface ..... 132 

5.4.1 Structural details of the monolayers formed within the series of homologues .. 132 

5.4.2 Structural details at the boundaries of the domains ............................................ 136 

5.4.3 Transformation of the collinear to the non-collinear regime .............................. 137 

5.4.4 Formation of very large domains by flow-deposition .......................................... 138 

5.5 Thermal properties of all NDIs ..................................................................................... 138 

5.6 Morphologies observed by X-ray scattering in bulk .................................................... 142 

5.7 Comparison of the morphologies formed on surface and in bulk ............................... 146 

5.8 Conclusions .................................................................................................................. 148 

5.9 Experimental Section ................................................................................................... 149 

5.9.1 Materials and Methods ........................................................................................ 149 

5.9.2 Synthetic procedures............................................................................................ 150 

5.10 References ................................................................................................................. 152 

 

 



Chapter 6 
Stepwise formation of charge transfer complexes at the 1-phenyloctane/HOPG interface 

6.1 Introduction ................................................................................................................. 156 

6.2 Synthesis and characterization of pyrene and naphthalene-based compounds ......... 158 

6.3 Physisorbed self-assembled monolayers formed by double pyrenes at the 

solution/HOPG interface ................................................................................................... 159 

6.4 Physisorbed self-assembled monolayers formed in D-A mixtures of double pyrene and 

double NDIs at the solution/HOPG interface .................................................................... 160 

6.4.1 New surface structures formed by D-A co-adsorption ......................................... 162 

6.4.2 Structural details of laterally co-adsorbed PyO-C6-OPy and NDI-C8-NDI ............ 164 

6.4.3 Structural details of vertically co-adsorbed PyO-C9-OPy and NDI-C5-NDI ........... 165 

6.4.4 Discussion on the new surface morphologies formed by D-A co-adsorption ...... 166 

6.5 Co-assembly of pyrene-NDI mixtures in bulk material ................................................ 168 

6.5.1 Optical properties of pyrene-NDI mixtures .......................................................... 168 

6.5.2 X-Ray scattering profiles of pyrene-NDI mixtures ................................................ 169 

6.6 Conclusions .................................................................................................................. 173 

6.7 Experimental Section ................................................................................................... 174 

6.7.1 Materials and Methods ........................................................................................ 174 

6.7.2 Synthetic procedures............................................................................................ 174 

6.8 References ................................................................................................................... 179 

Summary……………………………………………………………………………………………………..………….181 

Some general conclusions and future perspectives…………...………….183 

Curriculum Vitae …………………………………………………….………………………………………….184 

List of Publications ……………………………………………………….…………………………………..185 

Acknowledgements……………………………………………….…….…………………………………..186 
 

 

 

 



 

 

Chapter 1 

 

 

Intra- and intermolecular charge transfer in organic 

materials 

 

Abstract: 

Colorful organic materials have fascinated scientists already for more than 200 years. 

The intense colors stem from an optical transition that induces the transfer of electronic 

charge from an electron-rich donor moiety (D) to an electron-poor acceptor moiety (A). 

Charge-transfer (CT) can occur either intramolecularly (ICT) when D and A are connected 

covalently by a π-conjugated bridge or intermolecularly when an adduct between D and A 

moieties, the so-called CT complex, is formed. Whereas research on ICT systems has 

produced a plethora of functional dyes for various (opto-)electronic applications, the 

formation of CT complexes has been used for the preparation of many supramolecular 

systems in the solution or the bulk phase which have been proposed for a variety of 

applications, too. However, the directed formation of CT complexes on surfaces remains a 

pressing research question in the field of nanotechnology and its achievement is expected 

to innovate microelectronics. This introductory chapter summarizes the progress of 

research on both intra- and intermolecular CT systems and presents the reported structure-

property relationships to spark research on developing the next generation of CT materials 

for surface applications. 
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1.1 Introduction 

Humankind has been using paints for already more than 40000 years to convey 

messages and to preserve cultural heritage. Whereas the dyes that were used initially were 

natural products, technological advances provided access to synthetic colorants such as the 

azo dyes[1–4] which revolutionized the use of colors in everyday life. Today, the color of a 

dye molecule can be characterized by ultraviolet-visible (UV/Vis) spectroscopy. In 

combination with the determination of the chemical structure and quantum chemical 

theory, structure-property relationships of organic colorants have been investigated 

quantitatively.[5] 

An important class of colorants is given by organic materials that exhibit charge transfer 

(CT).[5–11] Prominent examples for compounds that exhibit intramolecular CT (ICT) are push-

pull dyes.[12–18] Owing to their synthetic accessibility, tunable photophysical properties and 

their high extinction coefficients, a variety of these organic dyes has already been in 

commercial use for more than a century.[19] Today, the molecular design principles for the 

synthesis of organic compounds that exhibit ICT are well-known and were used for the 

preparation of a plethora of functional dyes with a large variety of (opto-)electronic 

applications.[20–31] Intermolecular CT occurs when D and A moieties of two different 

molecules form an adduct, the co-called CT complex. Since CT complex formation is 

accompanied by the formation of an intense color,[32] the process has already been reported 

more than 200 years ago.[8,33,34] The corresponding study described the formation of an 

intense blue color after the addition of iodine to an aqueous solution of starch. However, 

an explanation of the observed phenomenon was possible only much later.[8,33,34] Once the 

structural requirements for forming a CT complex were better understood, research on CT 

complexes resulted in the development of organic materials that were electrically 

conducting, too.[35,36] As a result, the development of modern CT materials with applications 

in organic electronics was initiated.[37,38] In contrast to the preparation of functional dyes 

that exhibit ICT and solution or bulk systems which contain CT complexes, the preparation 

of structured surfaces containing a regular arrangement of CT complexes is just at its 

beginning.[39,40] 

In the introductory chapter of this thesis, the photophysical processes of ICT species are 

presented and the corresponding structure-property relationships as well as optoelectronic 

applications are discussed. Next, examples for systems that involve the formation of CT 

complexes in solutions, in the liquid crystalline state and in the solid state are shown. Finally, 

D-A systems are highlighted which have been used in literature to generate patterned 

surfaces with alternating D and A moieties. 
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1.2 Intramolecular charge transfer 

1.2.1 General remarks on organic dyes and color theory 

The first report on the relationship between the color and the molecular structure of a 

chemical compound was submitted by Graebe and Liebermann[41] already in 1868. The 

scientists found that the color of an organic molecule is related to the presence of 

unsaturated bonds. Hereafter, Witt[42] developed the “classical theory of color” which 

ascribed the color of an organic molecule to the presence of functional groups that he 

termed “chromophores”. The original theory suggested that the chromophores were 

constituted by N=O, N=N, C=C and C=O groups and typically required the presence of a so-

called “auxochromic group” such as the -NH2 or -OH group to develop a color that was 

observable by eye. The theory was later refined by other researchers who suggested to label 

the functional groups with a color brightening effect such as the N=O and C=O groups as 

“anti-auxochromic groups”.[43,44] Finally, the consensus shifted and the visible color of an 

organic molecule was not assigned to the presence of individual chromophores anymore 

but considered to emerge from the presence of a larger conjugated system.[45,46] König[47] 

reported on molecules containing an odd number of methine or heteroanalogous groups 

(“mesochrome”) and terminal groups (“perichromes”). He assigned the color of these linear 

molecules, the so-called polymethine chromophores to the formation of a “chromostate” 

which described a conjugated state that is marked by a high degree of bond equalization 

and charge alternation.[5] As already suggested by Witt,[42] C=C group containing molecules 

do not necessarily exhibit intense colors when no auxochromic groups are present. The 

formation of the intense colors after the addition of the auxochromic groups is due to the 

stabilization of the resonance structure with the opposing both length alternation. As 

noticed in Scheme 1.1, this second mesomeric form is unfavored for a polyene such as 1 

that does not contain auxochromic groups since this second mesomeric form contains two 

terminal radical species. The second type of mesomeric structure becomes energetically 

favorable when auxochromic groups are added as exemplarily shown for cyanine 2, 

merocyanine 3 or hemicyanine dyes 4 since no radical species are formed.[15–17] 

 

Scheme 1.1: Mesomeric forms for hexatriene 1, cyanine 2, merocyanine 3 or hemicyanine 
dyes 4.[15–17] 
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1.2.2 Photophysical processes in (photo-)excited D-π-A dyes 

Whereas the above-mentioned studies clearly identified the necessity of a π-conjugated 

system to develop visible colors in organic materials, only quantum chemistry could 

attribute the color formation to the absorption of light of a particular wavelength. 

Furthermore, the intensity of the observed color could be ascribed to the transition 

probability and the shapes of the absorption bands to molecular vibrations.[5] One class of 

dyes that is particularly interesting owing to typically strong adsorption of light in the visible 

region and the possibility to emit two individual bands of fluorescence are D-π-A dyes.[48–52] 

The first D-π-A dye that has been described to exhibit “dual emission” after photoexcitation 

is 4-(dimethylamino)benzonitrile 5 (“normal” and quinoid mesomeric forms of the 

compounds are shown in Scheme 1.2).[48]  

 

Scheme 1.2: Molecular structure and mesomerism of 4-(dimethylamino)benzonitrile 5.[48] 

The D moiety is highlighted in purple, the A moiety in magenta. 

Photoexcitation of a D-π-A dye is accompanied by the redistribution of electronic 

charge. Thereby an alternation of the molecule’s dipole moment is induced which has 

already been anticipated by Förster[49,53] in 1939. His study described the structures of a 

polar compound in the ground state by the wavefunction 𝛹𝑔 and in the excited state by the 

wavefunction 𝛹𝑒 . These wavefunctions were obtained by the superposition of the 

wavefunction of the “normal” structure 𝛹𝑁  and the quinoid structure 𝛹𝑄:[49]  

𝛹𝑔 = 𝑐𝑁𝛹𝑁 + 𝑐𝑄𝛹𝑄  and 𝛹𝑒 = 𝑐𝑄𝛹𝑁  – 𝑐𝑁𝛹𝑄                                      (a) 

When investigating the photophysical properties of D-π-A dye 5 experimentally, it was 

found that the emission band noticed at the blue end of the emission spectrum occurred 

predominately in apolar solvents. The band at the red end that was noticed in polar solvents 

was indicative of the formation of two species with different dipole moments. To explain 

the photophysical processes in D-π-A dyes in more detail, the potential energy surfaces of 

the ground and excited states are depicted schematically in Figure 1.1. Photoexcitation from 

the ground state S0 to the second excited state S2 is followed by relaxation via internal 

conversion to the equilibrated S1 locally excited (LE) state. By overcoming the reaction 

barrier Ea, charge can be transferred intramolecularly and the energetically more favorable 

ICT state is reached. As suggested by experimental evidence and theoretical calculations, 

the electronic and geometrical structure of the ICT state is often described as twisted with 

respect to the ground state (when the rigidity of the molecular skeleton is not too high).[54,55] 

The emission of fluorescence can occur both from the LE and the ICT states and is 
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accompanied by the relaxation to the corresponding Franck-Condon states E(FC, LE) and 

E(FC, ICT) located in the ground state S0. Since the wavelength of the emitted light depends 

on the energy differences between the LE or the ICT state and each corresponding Frank-

Condon state, the emission of light with two different wavelengths is noticed.[56] We note 

that besides the photo-induced emission of fluorescence, also electrochemically generated 

chemiluminescence has been described for D-π-A dyes.[57,58] 

 

Figure 1.1: Potential energy surfaces for the ground state S0 and the excited states S1, S2 
including the LE and ICT states. The vertical coordinate represents the energy and the 
horizontal coordinate ξ describes the changes in molecular geometry such as bond length 
and binding angles during the photophysical processes. Figure reproduced with permission 
from reference [56] (copyright 2010 American Chemical Society). 
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1.2.3 Twisted ICT (TICT) and planar ICT (PICT) 

The electronic and the geometrical structures of the ICT state result from the 

competition of the LE state and the electron transfer (ET) state in the first excited state of 

the molecule (the ET state describes the full transfer of the charge from D to A).[59] Both 

states are distinguished by the electronic structures of their highest occupied molecular 

orbitals (HOMOs) and lowest unoccupied molecular orbitals (LUMOs).[60] The geometrical 

structures of these two states are still an important point of discussion in the literature. 

According to one hypothesis, a twisted ICT (TICT) state in formed. The LE state is 

represented by the co-planar arrangement of D and A moieties which results in mesomeric 

interactions between the two π-subsystems (Ψ1 and Ψ2). As a result, the HOMO level is 

increased in energy and the LUMO level is decreased which makes the orbital overlap 

overall energetically favorable (Figure 1.2a top). In contrast, the ET state is energetically 

more favorable in the absence of frontier orbital interactions (Figure 1.2a bottom) which is 

achieved for a perpendicular orientation of the π-subsystems.[49] Without frontier orbital 

overlap, the relative energy level of the ET state can be approximated as the difference 

between the electron affinity (EA) of A and the ionization potential (IP) of D. As a result, the 

ET state is stabilized best by strong D and strong A moieties.[60] The energy landscape of the 

ICT state is obtained by mixing LE and ET states (Figure 1.2b).  

 

Figure 1.2: (a) Photoexcitation of 4'-(dimethylamino)-[1,1'-biphenyl]-4-carbaldehyde 6: top: 
The co-planar LE state is stabilized by mesomeric interactions of the π-subsystems (Ψ1 and 
Ψ2). bottom: The ET state favors zero overlap between the frontier orbitals which is achieved 
by the perpendicular orientation of the D and A moieties. (b) Schematic representation of 
the energy landscape of the ICT state as obtained by mixing LE and ET states. Images 
adapted with permission from reference [60] (copyright 2016 Royal Society of Chemistry). 
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The most important observation that lead to postulating TICT was that steric effects 

typically have a strong impact on the emissive properties of D-π-A dyes. For example, fixing 

the free electron pair of the amino group of 4-(dimethylamino)benzonitrile chemically in 

plane (compound 7 in Figure 1.3) resulted in observing the emission band at the shorter 

wavelength only. In contrast, a hindered rotation (compound 8 in Figure 1.3) or fixation of 

the free electron pair perpendicular to the phenyl ring (compound 9 in Figure 1.3) resulted 

in emitting exclusively the fluorescence band with the longer wavelength.[61,62] 

 

Figure 1.3: Derivatives of 4-(dimethylamino)benzonitrile investigated upon steric effects on 
the fluorescence properties in D-π-A dyes. 7: D and A moieties are structurally fixed in a 
nearly coplanar orientation; 8: Hindered rotation; 9: Fixation in a nearly perpendicular 
orientation.[61,62] 

Since the expected conformations of these compounds were however not determined 

experimentally, also planar ICT (PICT) was proposed which suggested that the formation of 

the ICT state does not require a twisted molecular backbone, but depends solely on the 

energy landscape of the first excited state.[63] PICT was also confirmed by X-ray diffraction 

which could show that a 4-(dimethylamino)benzonitrile derivative was able to form an 

equilibrated ICT state without adopting a twisted conformation. The recorded X-ray data 

showed that the twisting angle between amino group and benzene ring was even decreased 

from 14° to 10° upon the formation of the ICT state.[64] Further arguments for PICT are given 

by the fluorescence properties of meta-substituted (dimethylamino)benzonitriles which 

have considerably higher twisting angles than their para-substituted counterparts but 

nevertheless favor the emission from the LE state.[65] 

1.2.4 Impact of the solvent polarity on the fluorescence properties of D-π-A dyes 

In the absence of steric effects, the relative proportions of the intensities of the two 

emission bands of D-π-A dyes and λmax of the emission band of the ICT state depend strongly 

on the polarity of the solvent. When the polarity of the solvent is increased, the 

fluorescence intensity of the ICT state is typically increased, too and its λmax undergoes a 

red-shift. Spectroscopic studies showed that for many D-π-A dyes, λmax of the emission band 

of the ICT state depends approximately linearly on the solvent polarity. Consquently, the 

effect of the solvent polarity on the emissive properties is typically non-specific.[66,67] The 

fluorosolvatochromism of D-π-A dyes was assigned to the difference of the dipole moments 

in the S1 and S0 state. Typically, the ICT state is more polar than the ground state and 

becomes more stabilized when the polarity of the solvent is increased. As a result, the 

energy difference between the ICT state and the corresponding Frank-Condon ground state 
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becomes smaller when the polarity of the solvent is increased and a red-shift of λmax of the 

emission band of the ICT state is observed. To quantify the effect of the solvent polarity on 

the fluorescence spectra and to calculate the dipole moment of the excited state, the 

Lippert-Mataga equation[52,68] was developed which was later followed by the Bakhshiev,[69] 

Bilot-Kawski[70] and Chamma-Viallet models.[71,72] In case of some dyes, a non-linear 

relationship between solvent polarity and λmax of the emission band of the ICT state was 

found. These exceptions typically occurred when the dyes formed hydrogen bonds to 

strongly hydrogen-bonding protic solvents such as alcohols or water and indicated a specific 

interaction with the solvent.[73,74] Calculating the dipole moments of derivatives of 4-

(dimethylamino)benzonitrile in the excited state by using the data obtained via optical 

measurements[74–76] resulted in similar values as determined by other techniques such as 

electrooptical emission measurements,[77] thermochromism[78] or time-resolved 

microwave-conductivity.[49,79] Also in agreement with theoretical calculations, a full 

separation of the charges was suggested for the ICT state. Since the determined dipole 

moments did not dependent on the polarity of the solvent, it was concluded that 

polarizability effects do commonly not play an important role for the electronic structure of 

the ICT state.[49] 

1.2.5 Enhanced reactivity in the excited-state 

Owing to the redistribution of electronic charge during photoexcitation, properties such 

as acidity and basicity are changed, too. As a result, molecules are typically more reactive 

towards reducing and oxidizing agents in their electronically excited states than in their 

ground state (schematically shown in Figure 1.4) since these type of reactions are typically 

very fast and compete with the relaxation processes.[49] 

 

Figure 1.4: Schematic illustration of the electron affinity (EA) and the ionization potential 
(IP) of a molecule before and after photoexcitation (exc.). (a) ground state, (b) 
photoexcitation, (c) excited state. Figure adapted with permission from reference [49] 
(copyright 2003 American Chemical Society). 

1.2.6 Aggregation-induced emission 

Since intramolecular motions are the key factor for the fluorescence properties of many 

D-π-A dyes, this class of compounds has also been used to develop aggregation-induced 

emission (AIE) luminogens.[9,80–82] AIE luminogens are typically only weakly fluorescent in 
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the molecularly dissolved state.[83] Upon aggregation in a poor solvent or in the solid state, 

intramolecular motions are restricted and the compounds become highly fluorescent.[83–85] 

Molecular structures of D-π-A-based AIE luminogens are shown in Figure 1.5. 

 

Figure 1.5: Molecular structures of AIE luminogens based on the BODIPY 10[80] and 
binaphthyl 11 structures[81] as well as the barbituric acid functionalized tetraphenyl-ethene 
12[82] and the diamino-maleonitrile functionalized Schiff base 13.[9] 

Several AIE luminogens that contain strong D and A moieties have been described to 

change their fluorescence properties upon applying an external stimulus.[9,86] 13 exhibited 

fluorosolvatochromism in the molecular dissolved state which indicated the pronounced 

formation of a twisted ICT state upon increasing the polarity of the solvent. The formation 

of fluorescent aggregates in solution was induced by the addition of water as poor solvent. 

Interestingly, the fluorescence intensity of the aggregates decreased when the volume 

fraction of water was higher than 80%. A time-dependent experiment showed that the large 

volume fraction of water in the solvent mixture resulted in the formation of larger crystals. 

A combined spectroscopic and electron microscopic study showed that the fluorescence 

intensity emitted by the crystals depended on their size which in turn suggested that the 

emission occurred predominately at surface defects. The hypothesis was confirmed by 

noticing an increased fluorescence after etching large crystals with acetone (Figure 1.6a-c). 

Owing to this structure-property relationship, the crystals of the compound could also be 

used as mechanofluorochromic material (Figure 1.6d-f) for detecting shear-forces. The 

corresponding detection limit was 1 N.[9] 
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Figure 1.6: Emssion of fluorescence by differently treated crystals of 13. (a) untreated, (b) 
etched with acetone for 1 s, (c) etched with acetone for 10 s, (d and e) pressed with spatula 
and (f) crushed by mechanical force. Figure reproduced with permission from reference [9] 
(copyright 2013 Royal Society of Chemistry). 

1.2.7 Design principles of D-π-A systems for sensing applications and organic electronics 

Today, D-π-A dyes are widely applied as fluorescent probes,[6,12,87–98] in dye-sensitized 

solar cells (DSSCs),[99–103] bulk heterojunction solar cells (BHJ-OSCs),[104–115] organic light 

emitting devices (OLEDs)[26,116–125] and nonlinear optical materials.[29,30] The functionality of 

the compounds stems from photophysical properties such as the absorption of light and the 

emissive behavior which both can be tuned by chemical modification of the molecular 

structure.[13,126] 

1.2.7.1 Fluorescent probes based on D-π-A dyes 

The relationship between the emission properties of one specific D-π-A dye and the 

polarity of the solvent depends on the chemical structure of the dye. Sunahara et al.[6] 

exploited this relationship to prepare a library of boron-dipyrromethene (BODIPY)-based 

compounds 14 and 15 (Figure 1.7) with application as polarity sensors. When a certain 

threshold of the environmental polarity was reached, the fluorescent LE states of the dyes 

were converted into non-emissive ICT states. Using the library of compounds, the polarity 

of the surface of bovine serum albumin (BSA) and the internal membranes of HeLa cells 

could be estimated.[6] 
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Figure 1.7: Molecular structures of the BODIPYs 14 and 15 described by Sunahara et al.[6] 
The chosen residues R attached to the aromatic unit (which were naphthalene or anthracene 
units for several derivatives) were methyl, methoxy, phenyl or amino groups. The type of 
donor moiety influenced the relationship between the emission of fluorescence and the 
polarity of the solvent.[6] 

In addition to its polarity, the viscosity of the medium has an influence on the emissive 

properties of certain D-π-A dyes, too. This type of structure-property relationship has been 

used to perform fluorescence imaging of the microenvironmental viscosity. The used class 

of D-π-A fluorophores is called “molecular rotors” since they their fluorescence intensity is 

enhanced in sterically restricted environments such as viscous media which prevent the 

twisting of the molecule and the formation of the ICT state.[91,92] Examples for this type of 

fluorophores is depicted in Figure 1.8. Derivatives of 9-(2-carboxy-2-cyanovinyl)julolidine 16 

have been used to image amyloid deposition[93] as well as to investigate the relaxation of 

polymer glasses at interfaces,[94] contact mechanics,[95] and fluid dynamics.[96] Thioflavin-T7 

17 has been used in drug discovery assays to study amyloid-related neurodegenerative 

diseases.[97] 

 

Figure 1.8: Chemical structures of 9-(2-carboxy-2-cyanovinyl)julolidine 16 and thioflavin-T7 
17 applied as fluorophores with viscosity-dependent emission properties.[97] 

1.2.7.2 Sensors for chemical species based on D-π-A dyes 

Besides the mentioned applications as polarity probes, D-π-A dyes have also been used 

to detect chemical species. RhoNox-1 18 (Scheme 1.3) prefers a twisted conformation that 

favors the only weakly fluorescent ICT state over the strongly fluorescent LE state.[98] In the 

presence of Fe2+-ions, the N-oxide moiety is selectively reduced and highly fluorescent 

Rhodamine B 19 is formed in situ.[98] Other examples for such fluorescent sensors include 

D-π-A based dyes for the detection of cyanide,[87] hydrazine[88,89] or alkaline-earth-metal 

ions.[90,127] 
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Scheme 1.3: Weakly fluorescent RhoNox-1 18 is transformed to highly fluorescent 
Rhodamine B 19 in the presence of Fe2+-ions. 18 is regenerated by i) neutralizing 19 with 
NaOH and ii) subsequent the oxygenation using meta-chloroperbenzoic acid.[98] 

1.2.7.3 Dye-sensitized solar cells 

The generation of electrical current in a Dye-sensitized solar cell (DSSC) is initiated by 

the absorption of light by a dye that is adsorbed on the TiO2-photoanode.[99,100,128] The 

excited electron is injected into the conduction band of the TiO2 and transported to the back 

contact. This electron transfer oxidizes the dye. The dye is subsequently reduced by a redox 

mediator, typically I-.[129] The regeneration of the redox mediator by electrochemical 

reduction at the counter electrode results in the generation of voltage and electrical 

current.[99,100,128,129] Owing to the strong absorption of light in the visible region and the 

typically reversible oxidation and reduction, D-π-A dyes are an excellent choice as 

sensitizers for DSSCs.[18,28,101–103] A recent study by Zhu et al.[102] highlighted how the 

chemical structure of a D-π-A dye is responsible for photophysical properties and its 

optimization can be used to improve the efficiency of a DSSC. The molecular structures of 

the reported dyes both contained the electron-rich indoline and the electron-poor 2-cyano-

2-propenoic acid moiety but differentiated in the type of π-conjugated bridge (Figure 1.9). 

20 contained a bithiophene as π-conjugated bridge. For the synthesis of 21, an additional 

benzothiadiazole (BT) unit was implemented. The presence of the BT unit resulted in a red-

shift of λmax in the absorption spectrum. Although this red-shift indicated a decreased 

optical band gap, a higher photo-voltage and increased efficiency of the DSSC was measured 

when using 21 as sensitizer. This observation was particularly intriguing since a decreased 

optical band gap typically decreases the photo-voltage in DSSCs. The increased device 

efficiency was ascribed to an increased potential of the conductance band and a suppressed 

charge recombination.[102] 
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Figure 1.9: Dithiophene-bridged indoline—2-cyano-2-propenoic acid-based dyes 20 and 21 
reported by Zhu et al.[102] The D moiety of the D-π-A dye is highlighted in purple, the A moiety 
in magenta. 

1.2.7.4 Bulk heterojunction solar cells 

Besides optimizing the chemical structures of small molecules that are based on the D-

π-A architecture, a plethora of studies investigated the consequences of increasing the 

number of D and A moieties in the π-conjugated system to prepare π-conjugated 

polymers.[130–133] One particularly famous class of π-conjugated D-A polymers that absorb 

light with wavelengths longer than 620 nm (optical band gap Eg
opt < 2 eV) are the so-called 

low band gap polymers.[104–106,108–115,134,135] The realization of such low band gaps was 

achieved by establishing an alternating sequence of electron-rich D and electron-poor A 

units in the polymer backbone.[133] Since the solar spectrum has a high photon flux in the 

near infrared regime,[109,136] semiconducting low band gap polymers are suitable for 

application in organic bulk heterojunction solar cells.[105,108,109,137] In contrast to silicon-

based photovoltaic devices that contain a p-n junction, the absorption of light in the organic 

semiconductor does not directly generate holes and electrons. Due to the rather low 

dielectric constants of organic materials, closely-bound electron-hole pairs, the so-called 

excitons, are formed instead.[107] To improve the dissociation of the excitons into holes and 

electrons, modern metal-free organic solar cells are typically a composite material of a low 

band gap polymer and an additional electron acceptor such as fullerenes or perylene 

bisimides.[107,138] Owing to differences in the electronic structures of both materials, the 

generated excitons migrate to the interface where the dissociation into holes and electrons 

is facilitated. Whereas the hole remains within the low band gap polymer and is transported 

to one electrode, the electron is transferred into the electron accepting compound and 

transported to the opposite electrode. The generation of electrical current by converting 

visible light makes these compounds fascinating examples for charge transfer 

materials.[105,108,109,137]  
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1.2.7.5 Organic light emitting diodes 

In contrast to photovoltaic applications, organic light emitting diodes (OLEDs) applied in 

display technology require organic semiconductors with reasonably large band gaps to emit 

light in the visible regime.[26] Owing to the chemical modifiability of D-π-A systems,[139] also 

a wide range of small molecules and conjugated polymers suitable for application in OLEDs 

has been reported.[116,118–120,140–144] At this point, we want to highlight the D-π-A-polymers 

22 and c-22 (Figure 1.10) that are based on the dialkylfluorene-alt-benzothiadiazole 

repeating unit since these compounds are well-known for their application in illuminating 

devices[145,146] which can also be used for the emission of  circularly polarized light (CPL) with 

preferred handedness.[121–123] In the reported studies, the emission of CPL with preferred 

handedness was achieved by creating chiral order by either blending 22 with chiral 

dopants[116] or implementing the chiral side chains to obtain c-22.[118] The fabrication of 

illuminating devices that exhibit CPL is of high interest for the display industry since it 

improves the contrast of the images that are shown on the screen. Currently, commercially 

used displays already enhance the contrast by CPL. However, CPL is achieved by circularly 

polarizing filters that completely block circularly polarized light of one handedness. As a 

result, half of the generated light is trapped inside the display and not used for illumination. 

Since the generation of CPL during the emission is suggested to make the polarizing filters 

obsolete, an improvement of the energy efficiency in CPL contrast-enhanced OLED displays 

is envisioned.[116,118]  

 

Figure 1.10: Molecular structure of 22 and c-22. CPL emitting devices were prepared by 
blending the achiral 22 with chiral dopants,[116] or by using homochiral c-22.[118] The fluorene 
D moiety is highlighted in purple, the benzothiadiazole A moiety in magenta. 

1.2.7.6 Spintronic applications 

Another prospective application for chiral D-π-A systems are organic spintronics.[147] 

Research on organic spintronics focusses on an improved fundamental understanding of 

the role of chirality and the electron spin or electromagnetic fields in both chemical[148,149] 

and biological systems.[150–152] One of the first examples for organic spintronics is the use of 

a highly ordered chiral layer of double stranded deoxyribonucleic acid (ds-DNA) as a spin 

filter.[153] The reported study showed that electrons that have a random orientation of the 

electron spin can be spin-polarized by the transmission through the highly ordered chiral 

layer of ds-DNA.[153] The term spin-polarized means that the populations of spin-up and 

spin-down aligned electrons are not equal after the transmission through the chiral layer as 

illustrated schematically in Figure 1.11. The type of spin alignment that is favored is 

correlated with the handedness of the helicity of the layer. This type of electron spin 

manipulation has also been called chiral-induced spin selectivity (CISS) effect.[154] Although 
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the spin polarization that has been measured in CISS based systems so far has never been 

absolute,[155] various applications such as water-splitting in electrochemical cells similar to 

DSSCs,[148,156–158] enantio-separation of racemates[159,160] and enantioselective reactions[161] 

have been realized. 

 

Figure 1.11: Schematic illustration of the CISS effect. Electrons with one type of spin 
alignment are transported preferably through a chiral helical environment. The spin-
selective electron transport results in measuring a spin polarization of the electrons after the 
transmission. Figure adapted with permission from reference [154] (copyright 2012 American 
Chemical Society). 

1.3 Intermolecular charge transfer complexation between electron donor and electron 

acceptor chromophores 

Another important class of organic CT materials is given by CT complexes that are 

adducts between individual molecules. In contrast to ICT systems, the transfer of electronic 

charge in the CT complex occurs between the D moiety of one molecule to the A moiety of 

another molecule.[162] Owing to the electronic properties which arise from the CT complex, 

CT materials often exhibit intense colors.[32] 

1.3.1 Milestones in research on CT complexes 

One of the very early reports on CT complex formation dates back to the beginning of 

the 19th century and describes the development of an intense blue color when adding iodine 

to starch.[8,33,34] Based on this finding, the use of starch as an indicator for iodine was 

established and the so-called starch-iodine test became a standard experiment in chemical 

education.[163] Interestingly, the structure of the CT complex formed between the two 

components is a clathrate of polyiodide and amylose which was proposed only much later[8] 

and still remains to be characterized fully.[34] Very important findings of research on CT 

complexes were the development of the electrically conducting perylene–bromine[35] and 

tetrathiafulvalene–7,7,8,8-tetracyano-quinodimethane[36] (TTF–TCNQ) complexes of which 

the latter was found to behave like a metal over a wide temperature range. These findings 

have triggered a plethora of investigations that resulted in today’s variety of supramolecular 

CT systems with potential applications in artificial photosystems,[164] rotaxanes and 

catenanes,[165] synthetic ion channels,[166] liquid crystals,[167] foldamers,[168] polymers,[169] 

nanoparticles,[170] organo-[171] and hydrogels[172] of which we will present several examples 

in the following. 
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1.3.2 CT complex formation in solution 

The association constants of CT complexes formed in solution have been determined 

experimentally by UV/Vis and NMR spectroscopy and in some cases by isothermal titration 

calorimetry.[173–175] Since the association constants of CT complexes are usually low,[176] CT 

complexes that are formed in solution often need to be stabilized by the formation of 

additional attractive forces such as hydrogen bonds,[171,177,178] solvophobic forces[179,180] or 

metal-ligand coordination.[181] An exemplary system for the stabilization of CT complexes by 

hydrogen-bond formation is the co-assembly of the amide functionalized 

dialkoxynaphthalene (DAN) and N,N’-bis(n-alkyl)-naphthalenediimide (NDI) derivatives 

depicted in Figure 1.12.[171,177,178] Studying compounds that contain the NDI motif are of 

particular interest owing to the combination of the NDI’s strong tendency to form π-stacked 

aggregates and its n-type semiconductivity.[182,183] DAN-NDI pairs with an equal distance 

between the two amide groups (L1 ≈ L2) showed the formation of alternating D-A stacks that 

contained CT complexes.[171,178] In the absence of the amide groups or in case of a mismatch 

of the distance between them (L1 ≠ L2), no CT complex formation was observed.[177] 

Interestingly, even equal distances between the amide groups in the D-A pair did not 

exclude the formation of self-sorted aggregates for some D-A combinations. The self-sorting 

was more pronounced after aging which corroborated the weak association constants of CT 

complexes (highest association constants reported for this system: 342 M-1 and 1300 M-1 in 

the solvent 1,1,2,2-tetrachloroethane).[171,178] 

 

Figure 1.12: Supramolecular architectures based on co-assembled electron-poor NDI 
derivatives 23a and 23b and electron-rich dialkoxy-naphthalenes (DAN) 24a and 24b. The 
CT complexes formed in organic solvent were stabilized in solution by hydrogen bond 
formation.[171,177,178] Image reproduced with permission from reference [176] (copyright 2014 
John Wiley & Sons, Inc.). 
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The system presented in Figure 1.13 is an example for aiding the formation of CT 

complexes in aqueous medium by solvophobic forces.[179,180] Individually, the viologen 

functionalized DAN and NDI derivatives formed aggregates whose structures were dictated 

by the hydrophilicity of the charged head groups and the hydrophobicity of the molecules’ 

centers. In aqueous medium, these structures had fibrillar and spherical micellar 

morphologies. In equimolar D-A mixtures, the formation of CT complexes and aggregate 

structures with fibrillar or sheet-like morphologies were observed. The change of the 

microstructure upon co-assembly was ascribed to the interplay of the attachment positions 

of the viologen substituents in both types of molecules and the rotational angle between D 

and A chromophores in the supramolecular stack.[179,180] 

 

Figure 1.13: Supramolecular architectures based on co-assembled electron-poor NDI 
derivatives 25a and electron-rich DAN 25b and 25c.  The CT complexes were stabilized by an 
amphiphilic architecture.[179,180] Image reproduced with permission from reference [176] 
(copyright 2014 John Wiley & Sons, Inc.). 

In addition to the systems that predominantly exhibit an alternating arrangement of D 

and A chromophores, the formation of block-like supramolecular polymeric architectures 

has been reported, too.[184] The co-assembly of π-conjugated O-bridged triphenylborane 

and triphenylamines (molecular structures in Figure 1.14) was already noticed by eye under 

UV-illumination since the D-A mixture emitted light of a different color than the individual 

compounds did. However, a detailed spectroscopic and theoretical study was required to 

develop a molecular picture of the prepared supramolecular copolymers. The spectral 

changes in the fluorescence spectrum suggested the formation of excited state complexes 
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(exciplexes) between the electron-rich and electron-poor compounds. The formation of the 

hetero-adducts was corroborated by emission lifetime measurements. Since the absorption 

and CD spectra of the supramolecular copolymer resembled the linear combination of the 

spectra recorded for the individual species, a block-like microstructure was suggested. 

Theoretical calculations and the transfer of helicity from the chiral O-bridged 

triphenylborane S-26 to the achiral triphenylamine a-28 corroborated the hypothesized 

blocky microstructure.[184] 

 

Figure 1.14: Molecular structures of O-bridged triphenylborane S-26 and triphenylamines S-
27, S-28 and a-28 used to prepare supramolecular polymers with a blocky 
microstructure.[184] 

1.3.3 Liquid crystalline CT complexes 

Lee et al.[185] prepared liquid crystalline dyad and triad molecules 29 and 30 that 

contained the electron-rich triphenylene and electron-poor perylenediimide (PDI) moieties 

(Figure 1.15). Supramolecular organization of the compounds in thin films resulted in the 

formation of liquid crystalline materials. The dyad formed a hexagonal liquid crystalline 

mesophase and the triad a columnar oblique liquid crystalline mesophase. The compounds 

were coated on top of multilayered photonic metamaterials that consisted of alternating 

Ag and Al2O3 layers with 10 nm thickness. Measuring the charge recombination in time-

dependent experiments showed that an increasing number of Ag and Al2O3 layers in the 

metamaterial decelerated the charge recombination in the CT material. The observation 

was ascribed to the metamaterial influencing the dielectric permittivity of the adjacent D-A 

material and thereby modulating the barrier height that needs to be overcome to 

recombine the charges. These results indicated that CT dynamics can be tuned even without 

the chemical modification of the involved molecules.[185] 
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Figure 1.15: Molecular structures of the liquid crystalline dyad and triad molecules reported 
by Lee et al.[185] The electron-rich triphenylene moieties are highlighted in purple and the 
electron-poor perylenediimide (PDI) moieties in magenta. 

1.3.4 Crystalline CT complex between pyrene and NDI chromophores 

Another well-studied CT complex involving the NDI motif is formed by co-assembly with 

the electron-rich pyrene chromophore.[186] Depending on the chemical structure of pyrene 

and NDI, CT complexes have been formed in various media such as the crystalline state,[187] 

in a polymer blend[188] or in solution.[189] Yeh et al.[190] investigated the CT interaction 

between the pyrene and NDI chromophores in detail by density-functional theory (DFT). In 

accordance with structural information that was obtained by X-ray scattering in a previous 

study, a parallel sandwich configuration with a rotational angle of 53° between the 

chromophores was found (Figure 1.16).[187] The parallel face-to-face packing of the aromatic 

compounds maximized the dispersion forces between the molecules in this sandwich 

configuration, which has also been described for other large polycyclic systems.[191] The 

rotational angle that was found between the NDI and pyrene chromophores in the cocrystal 

was ascribed to the overlap of the wavefunctions of LUMONDI and the HOMOpyrene. As a 

result of this overlap, angles above 50° were suggested to result in attractive forces.[190] 

Since the CT complex formation between NDI and pyrene chromophores is so well-

understood and the chemical modification of the two compounds is straightforward, the 

preparation of CT complexes based on this D-A couple has been used to develop  various 

applications such as organogels,[192] healable polymer networks[193–197] and as a fluorescent 

supramolecular mechanophore.[198] 
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Figure 1.16: Crystal structure of the CT complex formed between NDI and pyrene derivatives 
as reported by Gujrati et al.[187] The co-crystal consists of alternating, π-stacked NDI and 
pyrene chromophores. The rotational angle between NDI and pyrene chromophores of 53° 
preserves in-phase interactions of HOMOpyrene—LUMONDI as highlighted by the red and blue 
colors. Figure reproduced with permission from reference [187] (copyright 2011 American 
Chemical Society). 

1.4 Surface patterning using electron donor-electron acceptor systems 

Whereas the formation of CT complexes is well-described for various liquid and solid 
bulk systems, research on the CT complex formation at interfaces is relatively 
underexplored.[39] Until now, the purposeful design of multicomponent systems for surface 
patterning remains challenging in general since surface structures are governed by the 
complex interplay of substrate-adsorbate, adsorbate-adsorbate and adsorbate-solvent 
interactions.[199,200] Nevertheless, several literature studies on the preparation of 
multicomponent systems on surfaces do exist. Depending on the molecular structures, co-
adsorption on surface was observed and ascribed to the formation of the combination of 
van der Waals interactions and geometrical restrictions,[201–203] hydrogen bonding[204–207] 
and/or fluorophilicity.[208] The reported studies typically investigated the formed 
morphologies with scanning tunneling microscopy (STM)[209] to determine the structural 
details of the monolayers with a (sub-)molecular resolution.[210] Inspired by these reports 
on the preparation of multicomponent systems on surfaces, research on the co-adsorption 
of D-A systems which aims for realizing functional multicomponent system is starting to 
attract increased scientific attention.[211]  
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1.4.1 Imaging D and A moieties on HOPG surface using scanning tunneling microscopy 

Before we present the literature examples for surface structures that were generated 

by multicomponent D-A systems, we first highlight the versatility of STM when imaging 

surfaces that are decorated with chemical species that locally differ in electron density. A 

very nice example to highlight the advantages of using STM is the study reported by Miura 

et al.[212] which described the formation of self-assembled monolayers by the oligo p-

phenylene vinylene (OPV) functionalized PDI 31 (Figure 1.17) on graphite surface. 

 

Figure 1.17: Molecular structure of the oligo p-phenylene vinylene (OPV) functionalized PDI 
31 reported by Miura et al.[212] 

On graphite surface, the 31 formed self-assembled monolayers that exhibited a lamellar 

structure (Figure 1.18a,b). Since the tunnelling current measured by STM depends on the 

electronic properties of the adsorbates,[213] potential-dependent imaging could be used to 

distinguish the electron-rich OPV from the electron-poor PDI moieties and the insulating 

alkyl chains. The STM images depicted in Figure 1.18c show that a strongly negative bias of 

the applied voltage (–1.19 V to –1.06 V) resulted in the OPV parts being noticed as the 

brightest elements. When the bias voltage was changed stepwise from –0.77 V to +1 V, the 

OPVs moieties became gradually darker and PDI moieties became brighter instead. At 

strongly negative potentials (–1.19 V and –1.06 V), tunneling occurred preferably via the 

HOMO of the OPV and made these D moieties appear very bright. In contrast, positive 

potentials preferred tunneling via the LUMO of the PDI and made these A moieties appear 

brighter.[212] 
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Figure 1.18: (a) STM image of the monolayer formed by 31 on graphite surface. (b) 
Molecular model of the surface structure. (c) Bias-dependent STM images: Varying the 
applied sample bias (values are given below corresponding images) changed the contrast of 
the STM images. The arrows indicate the position of different parts of the molecule. Black: 
alkyl chains; blue: OPV; red: PDI. Image adapted with permission from reference [212] 
(copyright 2003 American Chemical Society). 

1.4.2 Co-assembly of hexabenzocoronenes and perylene diimide in plane 

Velpula et al.[40] reported on the co-adsorption of D-A mixtures in a 2D monolayer. The 
co-assembly of hexabenzocoronene (HBC) 32 and 33 and perylene diimide (PDI) 34 based 
building blocks (Figure 1.19a) was induced by the combination of the molecules’ geometry 
and the formation of intermolecular hydrogen bonds as additional directional interactions. 
As noticed in the STM micrographs in Figure 1.19b and c and the corresponding molecular 
models in Figure 1.19d and e, the geometries of the molecules resulted in an arrangement 
that separated the D and A chromophores spatially. This spatial separation suggested the 
absence of CT complexes in the monolayer containing co-adsorbed D and A molecules.[40] 
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Figure 1.19: (a) Molecular structures of hexabenzocoronene (32 and 33) and the PDI 34 used 
for the formation of self-assembled monolayers on HOPG surface. STM indicated the 
formation of co-adsorbed monolayers containing (b) 32 and 34 and (c) 33 and 34. Molecular 
models (d,e) indicated that the co-adsorption in the monolayers was induced by the 
formation of intermolecular hydrogen bonds and matching molecular geometries. Due to 
the spatial separation between HBC and PDI cores, the formation of CT complexes was 
absent in the monolayers. Image adapted with permission from reference [40] (copyright 
2018 John Wiley & Sons, Inc.). 
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1.4.3 Co-adsorption of alkoxy-pyrene on top of NDI lamellae 

To induce the formation of CT complexes on surface, a stacked system similar to the 
structures obtained by metal-ligand coordination[214–217] is highly desirable. A recent study 
by Heideman et al.[39] reported on the stepwise functionalization of HOPG surface with 
stacked architectures that were formed by the co-adsorption of electron-rich pyrenes 35, 
36 and 37 (Figure 1.20a) on top of a monolayer of electron-poor NDI 38. STM images 
showed that the pyrene chromophores were however not adsorbed on top but next to the 
NDI cores (Figure 1.20b and c). Molecular modelling suggested that the periodic adsorption 
of the pyrene derivatives occurred on top of the unsaturated bonds of the 11-tritriacontenyl 
side chains (Figure 1.20d). Due to the spatial off-set between D and A chromophores, the 
formation of CT complexes remained elusive.[39] 

 

Figure 1.20: (a) Molecular structures of alkoxy pyrenes 35-37 the 11-tritriacontenyl 
functionalized NDI 38 which were investigated upon co-adsorption. (b-c) STM micrographs 
indicating the adsorption of 35 on top of the NDI-monolayer. (d) Molecular model suggesting 
the adsorption on top of the unsaturated bonds of the 11-tritriacontenyl side chains. Image 
adapted with permission from reference [39] (copyright 2021 John Wiley & Sons, Inc.). 
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1.5 Aim and outline of the thesis 

Owing to the cultural and economic relevance of colors, scientists have been 

investigating dyes and pigments in great detail. With the advent of organic chemistry, 

research on organic CT systems resulted in the development of a plethora of colorful 

materials. Today’s artificial systems are ranging from functional dyes to supramolecular 

materials and enable many more applications than the usage as colorants only. Whereas 

photovoltaic devices based on organic CT systems are already well-described in the 

literature, the development of organic spintronics based on chiral materials is just at the 

beginning. Since we showed in the previous section that D-π-A compounds are an excellent 

choice for electron transporting materials and their chemical structures can be modified 

extensively which also allows for the implementation of chirality, we aim for the preparation 

of novel organic CT materials that can be used as spin-filters, i.e. to manipulate the spin 

orientation of transmitted electrons. Another paucity in the field of CT materials is the 

formation of CT complexes on surfaces which currently still remains a pressing research 

question in the field of nanotechnology. In the second part of this thesis, we aim for the 

design of novel supramolecular building blocks to develop a novel system for the formation 

of CT complexes on highly oriented pyrolytic graphite (HOPG) surface. 

In Chapter 2, we begin our study with the design, synthesis and characterization of novel 

chiral and achiral squaraine dyes that contain the D-π-A-π-D architecture since this class of 

compounds has recently been highlighted for exhibiting a very strong optical activity. We 

prepare two types of colorful squaraine dyes in chiral and achiral form and investigate the 

rotational isomerism of one squaraine dye in detail. Finally, we develop a synthetic strategy 

to implement the squaraine core in a soft siloxane matrix. 

In Chapter 3, the chiroptical properties, aggregation behavior and (opto-)electronic 

applications of the prepared squaraine dyes are explored. We show that the optical 

properties of the dyes are pH responsive and change upon aggregation. Spin-coated thin 

films prepared by co-assembling chiral and achiral derivatives of one set of dyes show the 

highest optical activity for a 1:3 feed ratio. Magnetic-conducting atomic force microscopy 

shows that this feed ratio induces the highest spin polarization of the transmitted electrons. 

In Chapter 4, we apply our gained knowledge on the design of spin-filtering materials to 

prepare two novel chiral supramolecular building blocks based on the nitrogen-rich s-

heptazine motif intended for the fabrication of catalytically active electrode coatings. Both 

compounds are aggregated in solution and in thin film. Whereas the thin film formed by 

one compound is optically active, the nitrogen content of the thin film formed by the other 

can be increased by the thermally induced cleavage of the catalytically inactive side chains. 

In Chapter 5, we present a series of novel double N,N’-bis(n-alkyl)-naphthalenediimides 

(NDIs) for the functionalization of HOPG surfaces with electron-poor double lamellar 

structures. The pitch of the NDI lamellae is precisely tuned by the length of the alkyl chain 

that covalently connects two NDI cores. An investigation of the bulk morphologies by X-ray 
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scattering indicates that also in bulk, lamellar structures are formed which have comparable 

structural repeating units as the surface structures. Nevertheless, the lamellae formed in 

bulk and on surfaces exhibit subtle differences that are noticed when investigating the 

structural details. 

In Chapter 6, the stepwise functionalization of surfaces with CT complexes is explored. 

Electron-rich pyrenes are added on top of the NDI double lamellae described in Chapter 5. 

Depending on the molecular structures of the NDIs and the pyrenes, different morphologies 

are formed during the co-adsorption step. Whereas the STM images of most pyrene-NDI 

combinations show lateral or vertical phase separation, we also find the formation of co-

adsorbed structures. The close proximity of D and A chromophores in the stacked systems 

is indicative of the desired CT complex formation. 
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Chapter 2 

 

 

Synthesis and characterization of novel chiral squaraine 

dyes 

 

Abstract: 

Colorful squaraine dyes are commonly prepared by the condensation of squaric acid 

with nucleophilic reagents. We show that N-(3-(dialkylamino)phenyl)amides and N-(3,5-

dihydroxyphenyl)amides are suitable for the preparation of both chiral and achiral 

squaraine dyes. The synthesized dyes based on N-(3-(dialkylamino)phenyl)amide show 

intramolecular hydrogen-bond formation that results in rotational isomerism in chlorinated 

solvents. We find that the interconversion of the rotamers is accelerated by the addition of 

trifluoroacetic acid. In contrast, the dyes based on N-(3,5-dihydroxyphenyl)amide do not 

exhibit observable rotational isomerism. Owing to the better chemical stability of N-(3-

(dialkylamino)-phenyl)amide based squaraine dyes, one derivative is functionalized with 

oligomeric siloxane side chains of three discrete lengths. X-Ray scattering indicates that the 

green soft materials exhibit a cylindrically ordered morphology with dimensions on the 

nanoscale that is of potential interest for neuromorphic computing applications. 
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2.1 Introduction 

Squaraine dyes are well-known for their strong absorption of visible light which makes 

them promising materials for various (opto-)electronic applications.[1,2] Today, squaraine 

dyes are successfully applied in (bio-)labelling,[3–5] photodynamic therapy,[6] dye-

sensitized[7–10] and organic bulk heterojunction solar cells.[11] The preparation of the first 

squaraine dyes has been reported by Treibs and Jacob in 1965.[12] The colorful materials 

were obtained by the condensation of squaric acid with two equivalents of pyrrole or 

phloroglucinol in boiling ethanol. The reported condensation reactions and proposed 

molecular structures of the dyes are depicted Scheme 2.1.[12]  

 

Scheme 2.1: Synthetic approach for the preparation of squaraine dyes reported by Treibs 
and Jacob in 1965.[12] 

The spectroscopic data suggested that the dyes contained a highly conjugated π-system 

which was assigned to the formation of 1,3-regioisomers as reaction products. Shortly after 

this initial report, Sprenger and Ziegenbein suggested to improve the synthesis by removing 

the water generated by the condensation reaction and proposed that certain reagents 

induce the formation of 1,2-regioisomers as main products.[13] Since spectroscopic proofs 

of the proposed 1,2-regioisomers remained elusive, Neuse and Green[14] aimed for 

determining the regioselectivity of the condensation reaction and investigated the reaction 

of squaric acid with aniline. Interestingly, the condensation reaction did not yield the para-

amino substituted squaraine dye. Instead, aniline’s amino group reacted as nucleophile and 

underwent condensation with squaric acid. As a result, instead of forming a C-C bond to 

yield the squaraine dye, a C-N bond was formed and a squaramide was obtained.[15–17] The 

analysis of the reaction mixture indicated the formation of two different constitutional 

isomers of the squaramide (Scheme 2.2). A mechanistic study of the reaction suggested that 

increasing the acidity of the medium promoted the formation of the 1,2-condensation 

product over the 1,3-product.[14]  
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Scheme 2.2: Molecular structures of the two different constitutional isomers obtained by the 
twofold condensation of squaric acid with aniline as reported by Neuse and Green.[14] 

Since the study suggested that regioselectivity can be an issue in condensation reactions 

that involve squaric acid, the regioselectivity during the squaraine dye synthesis was further 

investigated by Law and Bailey.[18] The chemical structures of the investigated N,N-

dimethylamino based squaraine dyes are depicted in Figure 2.1.[18] The conducted study 

confirmed that the correct structure of a squaraine dye is the 1,3-regioisomer that was also 

initially proposed by Treibs and Jacob.[12] Law and Bailey reported further that the formation 

of the 1,2-regioisomer can be induced, too.  However, 1,2-regioisomers were formed only 

when the synthesis of the squaraine dye was performed in two steps. In the report, the 1,2-

substituted byproducts were obtained during the synthesis of asymmetrical squaraine dyes 

(Figure 2.1b) and found to be chemically unstable and inclined to polymerization.[18] 

 

Figure 2.1: Chemical structure of symmetrical (a) and unsymmetrical (b) N,N-dimethylamino 
based squaraine dyes.[18]  

Besides the formation of different regioisomers, squaraine dyes are also known for the 

formation of rotational isomers.[19,20] A study by Kazmaier et al.[19] reported on the 1H NMR 

spectra of N,N-dimethylamino substituted squaraine dyes that contained hydroxy groups in 

the ortho positions to the quadratic core as additional functional groups. The NMR spectra 

of the dyes showed the presence of two spin systems which were ascribed to rotational 

isomerism. The proposed chemical structures of both rotamers are depicted in Scheme 2.3. 

The observation of rotational isomerism suggested a hindered rotation about the covalent 

C-C-bond that connected the quadratic core with the phenyl substituent. The hinderance in 

rotation was ascribed to the formation of intramolecular hydrogen bonds between the 

protons of the hydroxy groups and the oxygen atoms that were attached to the quadratic 

core. Although a proof of the chemical structures and the assignment of the major and the 

minor form to one spin system each remained elusive, the study suggested a difference of 

3.0 kJ/mol between the free energy of the conformations of both rotamers.[19] 



Synthesis and characterization of novel chiral squaraine dyes  

 

36 
 

 

Scheme 2.3: Rotational isomerism of squaraine dyes reported by Kazmaier et al.[19] 

In the subsequent years, the scope of substrates and the synthetic procedures to modify 

squaric acid were expanded quickly.[21] In the emerging field of squaric acid based 

compounds, squaraine dyes remained the most important subsection which they owe to 

their excellent absorption properties. Today, the chemical structures of most squaraine 

dyes contain N-alkyl nitrogen-based heterocycles[3,13,22–24] or N,N-dimethylamino 

substituents.[1,15,18,25–32] The popularity of these two structural elements is due to the 

necessity of electron donating groups in the chemical structure of the reagent to undergo 

condensation with squaric acid.[33]  

In addition to reports on the optical properties of squaraine dyes in solution, many 

studies investigated the fundamentals of dye aggregation[22,25,28,34,35] and found that this 

class of compounds has a pronounced tendency to form H- and J-type aggregates.[32,36,37] 

Since most of these studies focused on achiral squaraine dyes, research on chiral squaraine 

dyes is currently still at the beginning and only a few studies report on the application of 

chiral squaraine dyes as materials for organic electronic applications such as photodiodes 

for the detection of circularly polarized light.[38–40] 

Inspired by a recent study on the giant intrinsic circular dichroism of chiral prolinol-

derived squaraine dyes in thin film,[35] we aim for the preparation of a supramolecular 

squaraine dye aggregate that exhibits a very high circular dichroism effect. A well-known 

molecular design which has often been used to prepare well-defined supramolecular 

architectures is the combination of a planar and rigid molecular core and side chains capable 

of hydrogen bond formation.[41–43] In the supramolecular systems based on benzene-1,3,5-

tricarboxamide (BTA),[44–48] porphyrin[49–51] or naphthalene diimide (NDI),[52,53] the 

supramolecular aggregation resulted from the combination of dipolar interactions[54] and 

intermolecular hydrogen bond formation. This molecular design has also been applied to 

prepare an acyl hydrazone functionalized squaraine dye used for the formation of a 

supramolecular polymer.[55] Supramolecular systems based on the combination of a planar 

core and amide functionalized side chains that form intramolecular hydrogen bonds are also 

reported in the literature, but not yet for squaraine dyes. Prominent examples for the 

reported systems are based on acylated 2,2’-bipyridine-3,3’-diamines[56] or 

hexacarboxamidohexaazatriphenylenes.[57] and have been used for the preparation of 

lyotropic[58] or thermotropic[59] liquid crystals as well as the formation of supramolecular 

polymers in solution.[57,60] 

The molecular structures of the squaraine dyes designed by us are depicted in Scheme 

2.4. One set of dyes was based on the well-known para-N,N-dimethylamino substitution 
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motif. The other was based on the para-hydroxy motif which has already been reported by 

Treibs and Jacob in 1965[12] but received less attention in the past decades[33,61–63] which was 

presumably due to the sensitivity of this type of compounds to oxidation that has been 

suggested by another literature report.[64] All presented structures combined the squaraine 

motif with amide functionalized side chains for the formation of hydrogen bonds. Owing to 

the ortho-position of the amide to the quadratic core, the compounds were expected to 

form intramolecular hydrogen bonds which were in turn suggested to result in rotational 

isomerism.[19] 

 

Scheme 2.4: Para-N,N-dimethylamino substituted squaraine dyes and para-hydroxy 
substituted squaraine dyes as obtained by the condensation reaction of squaric acid with 
electron-rich arenes. 

This chapter focuses on the synthesis and characterization of the novel amide 

substituted squaraine dyes. In an initial screening experiment, we tested four different 

types of amide functionalized substrates upon the formation of squaraine dyes via the 

condensation with squaric acid. We identified two suitable reagents and prepared two sets 

squaraine dyes (Scheme 2.4). We fully characterized the compounds by nuclear magnetic 

resonance (NMR), Fourier-transform infrared (FT-IR) spectroscopy and matrix-assisted laser 

ionization time of flight mass spectrometry (MALDI-TOF-MS). The N-(3-

(dialkylamino)phenyl)-amide based dyes were highly stable and exhibited observable 

rotational isomerism in chloroform and 1,1,2,2-tetrachloroethane. Subsequently, we 

functionalized the N-(3-(dialkylamino) phenyl)-amide based dye that contained terminal 

double bonds with oligo(dimethylsiloxanes) (oDMS) of three discrete lengths. The bulk 

properties of the materials such as thermal transitions and bulk ordering were investigated 

by a combination of X-ray scattering, differential scanning calorimetry (DSC) and polarized 

optical microscopy (POM). The optical properties of all described compounds will be 

discussed in Chapter 3. 
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2.2 Synthesis and characterization of novel squaraine dyes 

2.2.1 Nucleophilic reagents as a prerequisite for squaraine dye formation 

We started our study by a screening experiment to probe the formation of squaraine 

dyes between squaric acid and the four different amide substituted reagents 1-4 (Scheme 

2.5) that distinguish in the number and type of additional substituents of the phenyl ring. 

Reacting 1 with squaric acid resulted in the formation of the green squaraine dye a-SQ-1, 

which was obtained in high yield (85%) and high purity. Since the reaction was very efficient, 

we moved on to reagent 2. Instead of the N,N-dimethylamino group, 2 contained two 

hydroxy groups that were located in the meta positions to the amide. Gratifyingly, the 

reaction of 2 with squaric acid resulted in the formation of the blue squaraine dye a-SQ-2 

which was obtained in moderate yield (60%). We found that attempting the condensation 

of squaric acid with 3 did not result in the formation of an intense color. The absence of 

conversion was confirmed by 1H NMR spectroscopy. We conclude – in agreement with a 

report by Griffiths et al.[33] – that reagents lacking highly electron-rich substituents cannot 

be used to synthesize squaraine dyes. Finally, the synthesis of squaraine dye a-SQ-4 was 

attempted. Similar to the observation from a-SQ-2, the formation of a deep blue color was 

noticed after heating the reaction mixture to 125 °C. 1H NMR spectroscopy indicated that 

the conversion was very low (unreacted 4 was still present after 24 hours reaction time) and 

accompanied by the formation of an undesired byproduct which prevented the isolation of 

a-SQ-4. 

The screening experiment indicated that the formation of amide functionalized 

squaraine dyes can be performed by the condensation of squaric acid with N,N-

dimethylamino and dihydroxy substituted amidobenzenes. In the absence of electron 

donating groups, no conversion was achieved and in case of the slight modification to 

hydroxy methoxy substituted amidobenzenes only a chemically very unstable compound 

was formed. The details of the synthetic procedures and the molecular characterization will 

be explained in the following subchapters. 
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Scheme 2.5: The reagents 1, 2, 3 and 4 were tested upon reaction with squaric acid. Reagents 
1 and 2 were used to prepare the squaraine dyes a-SQ-1 and a-SQ-2. The attempted reaction 
of 3 with squaric acid did not show conversion even after a prolonged period of time. Using 
4 resulted in the formation of a deep blue color but only traces of a-SQ-4. 

2.2.2 Synthesis and characterization of para-N,N-dimethylamino substituted squaraine 

dyes a-SQ-1, S-SQ-1 and u-SQ-1 

Para-N,N-dimethylamino substituted squaraine dyes were prepared both in achiral (a-

SQ-1) and chiral (S-SQ-1) form. Additionally, a third derivative that contained side chains 

with terminal double bonds (u-SQ-1) was prepared. The molecular structures of these 

synthesized dyes are given in Figure 2.2.  

 

Figure 2.2: Molecular structures of the synthesized squaraine dyes a-SQ-1, S-SQ-1 and u-SQ-
1. 

To enable the synthesis of the chiral S-SQ-1 derivative with high enantiopurity, we 

selected commercially available (S)-(−)-β-citronellol (obtained from Takasago International 

Corporation) as an affordable commercially accessible starting material with high 

enantiomeric excess (98.4% ee).[65] From this, (S)-3,7-dimethyloctanoyl chloride 8 was 
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prepared according to the procedure by Nieuwenhuizen et al. in an overall yield of 74% and 

in high purity.[66] As depicted in Scheme 2.6, the synthesis of the squaraine dyes was started 

by the reduction of the nitro group in 9 in a hydrogen atmosphere using Pd/C as catalyst. 

The aromatic amine 10 was obtained in quantitative yield. Reaction of 10 with the chiral 

acid chloride 8 in dry dichloromethane (DCM) yielded chiral S-11. The same reaction 

conditions were also used to react 10 with the commercially available octanoyl chloride or 

undec-10-enoyl chloride, respectively. Compounds a-11, S-11 and u-11 were obtained in 

moderate to high yields (47-87%). In a final step, squaraine dyes a-SQ-1, S-SQ-1 and u-SQ-1 

were prepared by the twofold condensation of squaric acid with the respective amide 

substituted reagent under constant water removal using a Dean-Stark trap. The successful 

dye formation was indicated by the development of an intense green color. After 

purification by recrystallization from acetonitrile, the dyes were obtained as green solids in 

high (81-90%) yields. 

 

Scheme 2.6: Synthesis of para-N,N-dimethylamino substituted squaraine dyes a-SQ-1, S-SQ-
1 and u-SQ-1. Reagents and conditions: i) Pd/C, H2, EtOAc, R.T., 32 h, ii) aliphatic acid 
chloride, triethylamine, DCM, 0 °C - R.T., 16 h, iii) squaric acid, n-propanol, 100 °C - R.T., 20 
h. 

All three dyes were fully characterized by NMR and FT-IR spectroscopy and MALDI-TOF 

mass spectrometry. The results showed that the final compounds were obtained in high 

purity. The MALDI-TOF-MS spectrum depicted in Figure 2.3a shows only one peak at 602.42 

Da which corresponds with the exact mass of a-SQ-1. The FT-IR spectrum in Figure 2.3b 

indicated the presence of the conjugated π-system which exhibits vibrations at 3096 cm-1 

(νaryl-C-H), 1706 cm-1 (νaryl-C-H, overtone) and 1609 cm-1 (νC=C, stretching). The amide’s νC=O 

stretching vibration was superimposed by the vibrations of the aryl system. N-H bending νN-

H was noticed at 1578 cm-1. Weak absorption bands at 3140 cm-1 and 3100 cm-1 were 

assigned to N-H stretching of protons that are involved in hydrogen bonds.[67] These bands 

were also observed when the spectrum is recorded in a 4 mM solution in the good solvent 

chloroform (red line in Figure 2.3b and c) which suggested that the hydrogen bonds are 

formed intramolecularly. 
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Figure 2.3: (a) MALDI-TOF-MS and (b) FT-IR spectra of a-SQ-1. (c) zoom-in of (b). 

The 1H NMR and 13C spectra recorded for a-SQ-1 showed two spin systems that were 

indicative of the formation of two different isomers (Figure 2.4). According to the 

integration of the 1H NMR spectrum, the ratio of the two isomers was 1.00:0.64 (in-set in 

Figure 2.4a). The formation of both 1,2- and 1,3-regioisomers was excluded as possible 

explanation for the two spin systems since our reaction conditions have been reported to 

result in the formation of 1,3-products exclusively[18] and thin layer chromatography 

showed the presence of only one compound. Another possible explanation of the two spin 

systems which has already been reported in the literature of squaraine dyes is rotational 

isomerism.[19] Kazmaier et al.[19] proposed a hindered rotation in the squaraine backbone by 

the formation of intramolecular hydrogen bonds from the ortho-hydroxyl substituents to 

the oxygen atoms attached to the quadratic core. Since FT-IR spectroscopy indicated the 

formation of intramolecular hydrogen bonds in a-SQ-1 in chloroform solution which is also 

the solvent used for the NMR experiments, we assumed that the ortho-amide substituents 

were capable of the formation of similar hydrogen bonds as the ortho-hydroxyl substituents 

of the literature system. As depicted in Scheme 2.7, the proposed intramolecular hydrogen 

bonds resulted in a hindered the rotation about the C(2)–C(3)-bond which induced the two 

spin systems in the NMR spectra. 



Synthesis and characterization of novel chiral squaraine dyes  

 

42 
 

 

Figure 2.4: (a) 1H NMR spectrum recorded for a-SQ-1 in chloroform-d1 (400 MHz) set-in: 
integration of the signals of the N-H protons; (b) 13C NMR spectrum recorded for a-SQ-1 in 
chloroform-d1 (100 MHz). 

 

Scheme 2.7: Molecular structures of the proposed rotational isomers of a-SQ-1. 

We performed 2D NMR experiments (heteronuclear single quantum coherence 

spectroscopy and heteronuclear multiple bond correlation) to assign the recorded signals 

to their corresponding nuclei in the chemical structure. In the low-field region of the 1H 

NMR spectrum, four groups of signals were visible. The singlets at 12.0 and 11.9 (N-H) ppm 
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originated from the protons attached to the amides. For these two signals, the presence of 

the two spin systems was most apparent. The doublets at 8.55 and 8.49 (H-4) ppm (J = 9.2 

Hz), 8.31 and 8.30 (H-7) ppm (J = 2.4 Hz) as well at 6.48 (H-5) ppm (dd, J1 = 9.2 Hz, J2 = 2.4 

Hz) originated from the protons which were attached to the phenyl rings. The singlet at 3.18 

(H-9) ppm originated from the protons of the methyl groups of the aromatic amine. The 

signals below 2.63 ppm (two multiplets of N-CH2 of the two spin systems) (H-11) belonged 

to protons in the aliphatic side chains (H-12 – H-16). The characteristic triplet for the 

terminal methyl groups was present at 0.88 (H-17) ppm (J = 6.0 Hz). The 13C spectra revealed 

peaks of sp2-hybridized carbons from the central squaric unit (C(1) and C(2)), the amide 

(C(10)) and the phenyl rings (C(3) – C(8)) in the low-field region. Similar to the 1H spectrum, 

two spin systems were apparent in the 13C NMR spectrum. High-field signals were caused 

by the resonance of the aliphatic carbon atoms of the N,N-dimethylamino groups (C(9)) and 

the linear side chain (C(11) – C(16)). The terminal methyl groups (C(17)) posed the most 

high-field signals with chemical shifts δ of 14.53 ppm.  

In order to differentiate between the syn- and anti-rotamers, we focused on the NMR 

signals of the carbon atoms of the quadratic core that were labelled C(1). The in-set in the 
13C spectrum (Figure 2.4) showed one signal for C(1) in the major form. In contrast, two 

signals were noticed for C(1) in the minor form. The major form was assigned to the anti-

rotamer, since it had C2h point symmetry that resulted in magnetic equivalence of carbon 

atoms C(1). As a consequence of the magnetic equivalence, only one signal was recorded 

for both nuclei in 13C spectrum. The minor form was assigned to the syn-rotamer that had 

C2v symmetry, which resulted in magnetic inequivalence of the two carbon atoms C(1) and 

the signal splitting in the 13C spectrum. 

2.2.3 Rotational isomerism of squaraine dye a-SQ-1 

We continued our study with the investigation of the rotational isomerization of 

squaraine dye a-SQ-1 using computational analysis to confirm the proposed molecular 

structures of the rotamers. In order to increase the calculation speed, we simplified the 

chemical structure of a-SQ-1 by replacing the octyl chains by methyl groups. We studied the 

conformation of a-SQ-1* using a conformational search using the program Macromodel[68] 

with OPLS3 force field[69] and a solvent model for chloroform.[70,71] The DFT calculations 

were performed by Tobias Schnitzer. The geometries of the obtained low energy structures 

were optimized by density functional theory calculations on a B3LYP-D3/6-31G** level.[72–

75] The calculations yielded two planar low energy structures (Figure 2.5) that suggested the 

complete conjugation of the π-system (which is in good agreement with the absorption 

properties of a-SQ-1 which will be discussed in detail in Chapter 3).[1] The amide groups of 

both structures form intramolecular hydrogen bonds to the oxo-substituents of the 

squaraine core which was in agreement with the findings from FT-IR spectroscopy. Similar 

to the molecular structure of the rotamers proposed by Kazmaier et al.,[19] the structures 

differed in the orientation of the amide substituents. In the lowest energy structure, each 

amide group was hydrogen bonded to a different oxygen atom (“anti-conformer”). In 
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contrast, both amide substituents of the second conformer were bonded to the same 

oxygen substituent (“syn-conformer”). Our calculation suggested that the syn-conformer is 

2.9 kJ/mol higher in energy compared to the anti-conformer. The increased stability of the 

anti-conformer was in agreement with the findings from 13C NMR spectroscopy and the 

energy difference was in good agreement with the report by Kazmaier et. al.[19]  

 

Figure 2.5: Computational analysis of anti- and syn-rotamer and the transition state of the 
isomerization of a-SQ-1*. 

Next, we studied the transition state between the two conformers to determine the 

activation energy for the rotation about the C(sp2)–C(sp2) bond. Using the transition state 

locator of the program Jaguar, a transition state with a torsion angle of –93° (C(1)–C(2)–

C(3)–C(8)) was identified. This conformer was 100 kJ/mol higher in energy compared to the 

anti-conformer which corroborated that both conformers were observed in the NMR 

spectra recorded at room temperature. 

We aimed for also investigating the activation energy barriers for the interconversion of 

the two rotamers of a-SQ-1 from our spectroscopic data. We followed the chemical shifts 

of the protons in a variable temperature (VT) experiment. The signals that were assigned to 

N-H, H(4) and H(5) of the two conformers were fully separated at room temperature and 

started to partially overlap when the sample was heated to 50 °C. Yet, no coalescence was 

observed below 61 °C, which was the boiling point of the solvent chloroform-d1. We 

reasoned that the rotation about the C(2)–C(3) bond was still hindered noticeably at the 

elevated temperature because of the intramolecular hydrogen bond formation. We 

replaced the solvent chloroform-d1 by 1,1,2,2-tetrachloroethane-d2 (TCE-d2) as a 

comparable chlorinated solvent with higher boiling point and continued our VT-NMR study. 

The solvent replacement resulted observing the signal of the minor rotamer with a higher 

chemical shift than the signal of the major rotamer (Figure 2.6a). We performed 13C NMR 

spectroscopy to investigate the origin of the spectral changes. For a comparison, the low 

field regions of the 13C NMR spectra recorded in chloroform-d1, TCE-d2 and in the 50:50 

mixture of both solvents are depicted in Figure 2.6c. Using the geometrical considerations 

previously used to analyze the 13C NMR spectra recorded in chloroform, the signals 

indicated that not the anti- but the syn-rotamer was the preferred form in TCE-d2. Hence, 

anti syn

via:

transition
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0 kJ/mol 2.9 kJ/mol 100 kJ/mol
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the spectral changes in the 1H NMR spectrum were ascribed to the changed ratio of anti- 

and syn-form from 1.00:0.64 in chloroform-d1 to 0.70:1.00 in TCE-d2. In the 50:50 mixture 

of both solvents, the ratio was 1.00:0.93 (Figure 2.6b). We ascribed the changed ratios to 

small enthalpic or entropic changes when replacing the solvent. Such solvent-dependent 

changes in the conformer ratio have been observed for other systems as well.[76,77]  

In TCE-d2, the coalescence of the two spin systems was observed at 64 °C. In general, 

the spectral changes that are observed during the transition from two spin systems into one 

depend on spin-spin and spin-lattice relaxation.[78] The exact analysis of the observed line 

broadening can be derived from the Bloch equations.[79] An approximated analysis that is 

more straightforward and commonly used for determining the free energy of activation for 

the interconversion of the rotamers is given by Eyring’s equations as modified by Shanan-

Atidi.[80,81] The set of equations is particularly useful for a system that contains two 

unequally populated rotamers. According to the calculations (stated in the experimental 

part), the coalescence temperature Tc of 64 °C corresponded with the activation energy 

barrier ∆𝐺‡
𝑎𝑛𝑡𝑖  between the anti-conformation and the transition state of 73±1 kJ/mol. 

Analogously, ∆𝐺‡
𝑠𝑦𝑛 was 75±1 kJ/mol. The experimentally determined activation energy 

barrier was lower than expected from the DFT calculations. The difference of both values 

was ascribed to the solvent which is accounted for only implicitly and the absence of the 

octadecyl chains in the molecular model structure used for the DFT calculations. 
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Figure 2.6 (a) 1H NMR spectra of a-SQ-1 recorded during the VT-NMR study in the solvent 
1,1,2,2-tetrachloroethane-d2 (TCE-d2) solution (400 MHz). Concentration: 6.6 mM. (b) 1H 
NMR spectrum of a-SQ-1 recorded in a 50:50 mixture of TCE-d2 and chloroform-d1 at room 
temperature (400 MHz). (c) 13C NMR spectra recorded in chloroform-d1 (top) and TCE-d2 
(bottom) and a 50:50 mixture of both solvents (middle) at room temperature (100 MHz).  

We assumed that the addition of trifluoroacetic acid (TFA) which is known to break 

hydrogen bonds, should accelerate the isomerization and induce coalescence of the spin 

systems also in the low-boiling solvent chloroform-d1 in which the anti-rotamer is more 

stable. In order to probe our hypothesis, we recorded 1H NMR spectra at room temperature 

using 0.01, 0.05, 0.07 and 0.10 vol% TFA-d1 as a cosolvent (Figure 2.7). The spectrum that 

was recorded for the concentration of 0.01 vol% cosolvent TFA-d1 showed a slight spectral 

broadening of the signals of the two spin systems. The spectral broadening suggested that 

the addition of TFA-d1 indeed facilitated the interconversion of the rotamers. For the TFA-

d1 fractions of 0.05 vol% or 0.07 vol%, respectively, the spectral broadening was even more 
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pronounced and a distinct overlap of the signals of the two spin systems was noticed. 

Finally, at a concentration of 0.10 vol% TFA-d1, only one spin-system was observed which 

suggested that Tc was reduced to or even below room temperature. 

 

Figure 2.7: 1H NMR spectrum of a-SQ-1 (concentration: 6.6 mM) recorded at room 
temperature in chloroform-d1 using 0.01-0.1 vol% TFA-d1 as cosolvent (400 MHz). 

The samples containing the cosolvent were subsequently investigated by VT-1H NMR 

spectroscopy. For the cosolvent fraction of 0.01 vol% TFA-d1, Tc was still above 50 °C. For 

the samples that contained 0.05 vol% or 0.07 vol% TFA-d1, Tc was determined at 45 °C and 

35 °C, respectively. According to calculations using Eyring’s equations, activation energy 

barriers ∆𝐺‡
𝑠𝑦𝑛 and ∆𝐺‡

𝑎𝑛𝑡𝑖  of the two rotamers of a-SQ-1 are 69±1 kJ/mol and 72±1 kJ/mol 

when 0.05 vol% TFA-d1 were present as cosolvent. When the concentration of the cosolvent 

was increased to 0.07 vol%, the activation energy barriers ∆𝐺‡
𝑠𝑦𝑛 and ∆𝐺‡

𝑎𝑛𝑡𝑖  were 

reduced to 67±1 kJ/mol and 69±1 kJ/mol. The decrease of Tc with an increasing fraction of 

TFA-d1 corroborated the accelerating effect of the cosolvent on the interconversion of the 

rotamers. 
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Since the para-N,N-dimethylamino substituted squaraine dyes were synthetically easily 

accessible and also showed the expected rotational isomerism, we moved on to the 

investigation of p-hydroxy substituted squaraine dyes. Owing to the chemical structure of 

the used reagents, these dyes did not only contain amide substituents as hydrogen bond 

donors in the ortho position of the quadratic core but also hydroxy groups. The compounds 

were hence expected to exhibit an even stronger hindered rotation about the squaraine 

backbone. 

2.2.4 Synthesis and characterization of para-hydroxy substituted squaraine dyes a-SQ-2 

and S-SQ-2  

Para-hydroxy substituted squaraine dyes were prepared both in achiral (a-SQ-2) and 

chiral (S-SQ-2) form. The molecular structures of the synthesized dyes are given in  Figure 

2.8 and the synthetic approach is depicted in Scheme 2.8. 

 

Figure 2.8:  Molecular structures of the synthesized squaraine dyes a-SQ-2 and S-SQ-2. 

The chosen synthetic route was inspired by reports on p-hydroxy substituted squaraine 

dyes[33,64] and studies on the amidization of phloroglucinol.[82–84] The synthesis was started 

with the amination of phloroglucinol 12 in aqueous ammonia solution. Acidification after 

the amination yielded the hydrochloride 13. The hydroxy groups of 13 were protected with 

triisopropylsilane (TIPS) groups to increase the solubility and enable the purification of the 

aromatic amine by column chromatography. The colorless oil 14 was reacted with two 

different aliphatic acid chlorides to prepare a chiral and an achiral amide derivative. 

Reaction of 14 with the chiral (S)-3,7-dimethyloctanoyl chloride 8 in dry DCM yielded chiral 

S-15. The same reaction conditions were also used to react 14 with the commercially 

available octanoyl chloride to synthesize the achiral counterpart a-15. Removal of the TIPS 

protection groups using tetra-n-butylammonium fluoride (TBAF) yielded the desired 

reagents S-16 and a-16. 

The condensation of the reagents S-16 and a-16 with squaric acid was performed using 

the same conditions as previously used for the synthesis of the para-N,N-dimethylamino 

substituted squaraine dyes. The successful dye formation was indicated by the 

development of an intense blue color. Purification was performed by the dispersion of the 

product in a water / EtOAc mixture and subsequent filtration. The purification was 
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accompanied by a substantial loss of product when the reaction was performed on smaller 

scale (used for S-SQ-2). 

 

 

Scheme 2.8: Synthesis of para-hydroxy substituted squaraine dyes a-SQ-2 and S-SQ-2. 
Reagents and conditions: i) 1. NH3(aq.), water, R.T., 16 h, 2. HCl(aq.) R.T. - 40 °C, 20 mbar, ii) 
TIPSCl, imidazole, THF, 0 °C - R.T., 16 h., iii) aliphatic acid chloride, triethylamine, DCM, 0 °C 
- R.T., 16 h, iv) TBAF, THF, 0 °C - R.T., 1 h., v) squaric acid, n-propanol, 100°C - R.T., 20 h. 

The dyes a-SQ-2 and S-SQ-2 were fully characterized by 1H NMR, FT-IR, MALDI-TOF-MS 

and elemental analysis. The solubility of both compounds was found to be very low in all 

common organic solvents, which prevented characterization by 13C NMR spectroscopy. 

Exemplary for both squaraine dyes, the 1H NMR, FT-IR and MALDI-TOF-MS spectra recorded 

for S-SQ-2 are shown in Figure 2.9. The MALDI-TOF-MS spectrum of S-SQ-2 showed one 

peak at 659 Da which corresponded well with the exact mass of the [S-SQ-2-Na+] adduct. 

The spectrum contained a high background noise which was ascribed to an impaired 

preparation of the MALDI-TOF-MS sample stemming from the very low solubility of S-SQ-2 

in all organic solvents with low boiling point. The purity of the compound was further 

assessed by elemental analysis which indicated the correct ratio of C, H, N and O atoms. The 
1H NMR spectrum showed only one spin system that indicated the formation of only one 

regioisomer. In the low-field region of the 1H NMR spectrum, four groups of signals were 

visible. The strongest deshielding is observed for the singlets at 12.41 (H-1/2) and 11.25 (H-

1/2) ppm which indicates the close vicinity of the respective protons to the electron-poor 

quadratic core of the dye. The singlets at 7.58 (H-3/4) and 5.97 (H-3/4) ppm were deshielded 

less and assigned to the protons which are attached to the aromatic ring structure. The 

signals below 2.41 ppm (multiplets of N-CH2) (H-5) belonged to protons in the aliphatic side 

chains. The characteristic doublets for the methyl groups were present at 0.92 ppm (J = 6.7 

Hz, H-9) and 0.83 ppm (J = 6.6 Hz, H-10). The signals of the protons of the hydroxy groups 

in para positions to the quadratic core were not noticed in the NMR spectrum. The absence 

of these signals was ascribed to a rapid exchange which was induced by their high acidity 

that has also been mentioned in a literature report on para-hydroxy substituted squaraine 
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dyes.[33] The FT-IR spectrum recorded in the solid state, showed a broad vibration band with 

wavenumbers around 3100 cm-1 which corroborated acidity of these. The conjugated π-

system exhibited vibrations at 1610 cm-1 (νC=C, stretching). The shift of these vibrations to 

smaller wavenumbers was due to the close vicinity of the electron-poor central quadratic 

unit. The very low intensity of the C=O stretching at wavenumbers around 1680 cm-1 was in 

accordance with literature reports on squaraine dyes that suggested that the C-O bonds of 

the squaric core have very low double bond character and the electrons are fully localized 

in the central squaric unit.[18] The amides N-H bending νN-H was found at 1583 cm-1. Due to 

the low solubility of S-SQ-2 in all tested solvents, the formation of intramolecular hydrogen 

bonds in solution could not be investigated. 

The proposed chemical structure of S-SQ-2 contained the amide substituents in the 

ortho-position of the quadratic core. The absence of a para-amido substituted dye was 

assigned to the mesomerism of the amide since this type of mesomerism results in a 

positive charge on the nitrogen atom and this is unsuitable due to the mesomeric forms of 

squaraine dyes. Although the similarity of the molecular structure of S-SQ-2 with the para-

N,N-dimethylamino substituted squaraine dyes suggested the presence of rotational 

isomerism, only one spin system was noticed. Since the chemical characterization had 

proven the chemical structure of S-SQ-2, we assumed that rotational isomerism was 

probably still present, but not noticed in the NMR spectra. The absence of the second spin 

system likely stemmed from one of the two following scenarios. One of the rotamers was 

energetically much more favorable than the other. As a result, the second rotamer was not 

distinguishable from the noise in the NMR spectrum. Otherwise, the fourfold intramolecular 

hydrogen bond formation resulted in magnetically very similar environments for the nuclei 

in syn- and anti-form which in turn resulted in chemical shifts that were indistinguishable in 

the recorded NMR spectrum.[20] 
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Figure 2.9: (a) 1H NMR spectrum recorded for S-SQ-2 in DMSO-d6 (400 MHz); (b) MALDI-TOF-
MS and (c) FT-IR spectra of S-SQ-2. 

2.2.5 Chemical stability of p-hydroxy substituted squaraine dyes a-SQ-2 and S-SQ-2 

Since a-SQ-2 and S-SQ-2 are structurally related to bis(2,4,6-tri-hydroxyphenyl) 

squaraine which is a compound that has been described as extremely sensitive to 

oxidation,[64] we assessed the chemical stability of a-SQ-2 and S-SQ-2. Figure 2.10 shows the 
1H NMR spectrum that was recorded for the solution of S-SQ-2 in DMSO-d6 after sonication 

for 30 minutes in a sonication bath. When comparting the spectrum with the spectrum 

shown in Figure 2.9, additional signals with chemical shifts close to the protons H-3/4 are 

noticed. Furthermore, the ratio of the alkyl protons to the aryl protons was doubled. The 

difference in integration indicated a decomposition of 50% of the dye within 30 minutes of 

sonicating. As a result, we conclude that a-SQ-2 and S-SQ-2 have a similarly limited chemical 

stability as bis(2,4,6-tri-hydroxyphenyl)squaraine and must be handled with care during the 

investigation of their photophysical properties. 
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Since p-hydroxy substituted squaraine dyes exhibited a low solubility and impaired 

chemical stability, we continued our study with embedding our para-N,N-dimethylamino 

substituted squaraine dyes into a siloxane matrix to fabricate squaraine dye based soft 

materials. 

 

Figure 2.10: 1H NMR spectrum recorded for S-SQ-2 in DMSO-d6 (400 MHz) after the sample 
had been stored in a sonication bath for 30 min. 

2.2.6 Synthesis and characterization of oDMS-functionalized para-N,N-dimethylamino 

substituted squaraine dyes 

Liquid crystals (LCs) and block copolymers (BCPs) are well-known for the formation of 

precise lamellar, cylindrical, bicontinuous cubic and spherical phases with molecular 

dimensions.[85] In the LC systems, the order is established by the combination of 

directionality of the mesogen and the mobility of the side chain(s). In case of BCPs, order 

results from the microphase separation of the immiscible blocks that are incorporated in 

the molecular structure. Several examples for these types of nanomaterials have been 

suggested for various applications in organic electronics, optics or membranes.[86–88] 

Embedding the squaraine motif that has already been reported for a broad range of 

optoelectronic applications[10,11,89] in a soft siloxane matrix is possibly useful for application 

in neuromorphic computing which aims for the targeted creation of conducting paths in 

materials with tunable conductivity.[90,91] Additionally, the materials are also potentially 

useful for the fabrication of organic photodetectors based on the bulk photovoltaic effect. 

In such systems that have already been described in the literature, ordered materials with 

permanent dipole moment (e.g. columns of stacked amides) generate a photocurrent by 

the absorption of visible light.[92] 

The synthesis of oligo(dimethylsiloxane) (oDMS) functionalized para-N,N-

dimethylamino substituted squaraine dyes was achieved by the twofold hydrosilylation of 
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u-SQ-1 (synthesis has been described in subchapter 2.2.2). We selected three different 

oDMS with discrete chain lengths (seven, eleven or fourteen silicon atoms) to study the 

consequences of oDMS-functionalization on material properties such thermal phase-

transition temperatures and bulk morphologies. The hydrosilylation was performed using 

Karstedt’s catalyst. The corresponding reaction scheme for the hydrosilylation is depicted 

in Scheme 2.9. During the hydrosilylation reaction a partial isomerization of the terminal 

double bonds was observed. The isomerization is a common side reaction and transforms 

the terminal olefin bond into an internal olefin which causes its deactivation for the 

hydrosilylation.[93] The desired double oDMS functionalized products were isolated in 

moderate yields (34-42%) using recycle gel permeation chromatography (rGPC). The 

compounds showed a deep green color and had a paste-like appearance.  

 

Scheme 2.9: Synthesis of oDMS-functionalized para-N,N-dimethylamino substituted 
squaraine dyes. Reagents and conditions: i) oDMS-H, Karstedt’s catalyst, DCM, R.T., 3 h. 

1H and 13C NMR indicated the successful reaction of u-SQ-1 with the discrete oDMS by 

the disappearance of the signals from the C=C bonds. We note that the rotational isomerism 

of u-SQ-1 with the ratio of 1.00:0.64 for major and minor forms is observed in chloroform 

solutions for the oDMS functionalized compounds, too. FT-IR spectra recorded after the 

functionalization show vibrations at 1258-1257 cm-1, 1020-1015 cm-1 and 792-790 cm-1. The 

bands are assigned to the νSi-C and νSi-O stretching and match well with  the values reported 

for this functional group in the literature.[94] Depending on the length of the oDMS chain, 

the recorded MALDI-TOF-MS spectra show signals that appear exclusively at 1720.87 Da, 

2313.98 Da or 2907.12 Da, respectively. The values matched perfectly with the calculated 

m/z ratios for the singly charged oDMS-functionalized para-N,N-dimethylamino substituted 

squaraine dyes and indicated the high purity of the compounds. 

The thermal properties of the materials were investigated by dynamic scanning 

calorimetry (DSC) and polarized optical microscopy (POM). As depicted in the POM images 

in Figure 2.11a, all three soft materials showed birefringent textures at room temperature 

that were indicative of anisotropic materials. DSC indicated a thermal phase transition at 

150 °C (Figure 2.11b). Since birefringent structures disappeared above this temperature it 
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was assigned to the isotropization temperature. Interestingly, another phase transition was 

observed around 125 °C in the DSC traces for all materials. This transition was not 

accompanied by changes of the birefringent texture. 

The isotropization temperature of u-SQ-1 which does not contain oDMS chains was 

reached at 230 °C. The decrease of the isotropization temperature after functionalization 

indicated that the attachment of oDMS had a plasticizing effect on the material. We note 

that none of our squaraine dyes were chemically stable in the isotropically melted state. 

Thermogravimetry indicated that u-SQ-1 decomposed in the melt and 1H NMR spectroscopy 

indicated that oDMS attached squaraine dyes decomposed after annealing the materials for 

several minutes in the isotropic melt. Hence, the rather broad temperature windows of the 

thermal transitions noticed in the DSC traces were assigned to a partial thermal 

decomposition that had already occurred during annealing in the first heating cycle. 

Finally, the bulk morphologies of Si7-SQ-Si7, Si11-SQ-Si11 and Si15-SQ-Si15 were 

investigated by two-dimensional (2D) transmission X-ray scattering. The X-Ray scattering 

study was performed in collaboration with Brigitte Lamers. The data were acquired in 

medium- and wide-angle modes (MAXS and WAXS, 0.1 < q < 30 nm-1). All three materials 

showed multiple scattering peaks which indicated the presence of well-defined hexagonally 

packed cylinders as bulk morphologies (Figure 2.11c). Si7-SQ-Si7 had a domain spacing of 5.2 

nm. For Si11-SQ-Si11 and Si15-SQ-Si15 these values were 5.7 nm and 6.3 nm, respectively. We 

note that Si7-SQ-Si7 and Si11-SQ-Si11 contained not only one but two types of hexagonally 

packed cylinders. In contrast, Si15-SQ-Si15 that had the longest oDMS chains in the series 

showed the formation of only one type of hexagonally packed cylinders. 
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Figure 2.11: (a) POM micrographs of Si7-SQ-Si7, Si11-SQ-Si11 and Si15-SQ-Si15 which were 
recorded at room temperature after heating and cooling cycle. White bar: 100 µm. (b) DSC 
heating traces (second cycle, heating rate 2 K min-1). (c) 1D Transmission X-ray SAXS data 
indicates hexagonal packed cylinders as primary lattice for all materials. In case of Si7-SQ-
Si7, Si11-SQ-Si11, reflections which are indicative of a second hexagonally packed lattice were 
found, too. 

2.3 Conclusions 

The formation of squaraine dyes is commonly achieved by the twofold condensation of 

squaric acid with highly electron-rich reagents such as N,N-dialkylanilines. We investigated 

the reactivity of squaric acid towards four chemically different reagents and found that 

amide substituted dihydroxy-benzenes are another suitable class of substrates for the 

preparation of squaraine dyes. We used both N,N-dialkylanilines and dihydroxy-benzenes 

that were functionalized with amide substituents to prepare two sets of novel squaraine 

dyes. Each set comprised a chiral and an achiral derivative. In contrast to the dihydroxy-

benzene based dyes, we observed rotational isomers for the N,N-dialkylanilines substituted 

dyes in chloroform-d1 and TCE-d2 solutions. Experimental data and DFT calculations 

suggested that for both rotamers, the squaraine backbone was in a fully planar 

conformation. The hydrogen atoms of the amide substituents formed intramolecular 

hydrogen bonds to the oxygen atoms that were attached to the quadratic core. Whereas 

the amide substituents were located on opposite sides of the molecule in the anti-form, 

they were on the same side in the syn-form. We found that TCE-d2 favored the formation 
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of the syn-rotamer and chloroform-d1 the formation of the anti-rotamer. The rate of the 

interconversion between both rotamers was increased by the addition of TFA-d1 as a 

cosolvent which was breaking the intramolecular hydrogen bonds. We showed that a 

derivative of the chemically more stable N,N-dimethylamino amide substituted squaraine 

dyes could be functionalized with terminal olefinic bonds and reacted with discrete 

oligomeric siloxanes using the Karstedt-catalyzed hydrosilylation. The obtained soft 

materials showed ordering on the nanoscopic scale with dimensions that depended on the 

length of the discrete oligomeric siloxane side chain. The ordering of the semiconducting 

cores in the cylindrical morphology is expected to generate semi conducting pathways 

through the insulating siloxane matrix with potential application in organic electronics. The 

optical properties and optoelectronic applications of all prepared squaraine dyes will be 

investigated in the following chapter. 

2.4 Experimental Section 

2.4.1 Materials and Methods 

All chemicals were purchased from commercial sources and used without further purification. Dry solvents were 
obtained with an MBRAUN Solvent Purification System (MB-SPS). Reactions were followed by thin-layer 
chromatography (TLC) using 60-F254 silica gel plates from Merck and visualized by UV light at 254 nm. Silica column 
purifications were performed on a Grace Reveleris X2 automated column machine with Reveleris Silica Flash 
Cartridges and on a Biotage Isolera 1 with Biotage SNAP KP-SIL columns. Recycle gel permeation chromatography 
was performed on a SHIMADZU LC 10AD VP liquid chromatograph coupled with a SHIMADZU SPD 10AV VP UV/Vis 
detector. 1H- and 13C-NMR spectra were recorded with a Varian Mercury Vx 400 MHz. Deuterated solvents were 
purchased from Cambridge Isotope Laboratories and are indicated for each measurement. Chemical shifts (δ) are 
expressed in ppm and are referred to the residual peak of the solvent. Peak multiplicity is abbreviated as s: singlet; 
d: doublet, q: quartet; p: pentet; m: multiplet; dd: double doublet; dt: double triplet; dq: double quartet. MALDI-
TOF spectra were recorded with Bruker Autoflex Speed using α-cyano-4-hydroxycinnamic acid (CHCA) or trans-2-
[3-(4-tert-butylphenyl)-2-methyl-2-propenyl-idene]-malononitrile (DCBT) as matrix. FT-IR spectra were recorded 
on a PerkinElmer Spectrum One spectrometer. Polarized optical microscopy (POM) was performed on an optical 
microscope from Jenaval. Images were recorded using an Infinity1 camera provided by Lumenera. DSC was 
performed on a Q2000 from TA Instruments. Bulk small angle X-ray scattering (SAXS) was performed on an 
instrument from Ganesha Lab. The flight tube and sample holder are all under vacuum in a single housing, with a 
GeniX-Cu ultra low divergence X-ray generator. The source produces X-rays with a wavelength (λ) of 0.154 nm and 
a flux of 1 × 108 ph s-1. Scattered X-rays were captured on a 2D Pilatus 300K detector with 487 × 619 pixel 
resolution. The sample-to-detector distance was 0.084 m (WAXS mode) or 0.48 m (MAXS mode). The instrument 
was calibrated with diffraction patterns from silver behenate.  

2.4.2 Synthetic procedures 

Synthesis of (S)-3,7-dimethyloctan-1-ol (6)[66] 

 

(S)-Citronellol (20.0 g, 0.13 mol) was dissolved in 150 mL ethyl acetate. Argon was bubbled through the solution 
for 15 minutes before Pd/C (0.25 g, 10%) was added. The vessel was inserted into a Parr hydration apparatus and 
the hydrogen pressure was adjusted to 70 psi. The reaction was started by shaking the vessel and a decreasing 
hydrogen pressure was noticed. During the following three hours of shaking, the hydrogen pressure had to be 
readjusted repeatedly. Having shaken the vessel at room temperature in the hydrogen atmosphere for 6 h in total, 
the catalyst was removed by filtration through diatomaceous earth. The filter was washed with ethyl acetate. 
Having removed the solvent by reduced pressure, the pure product was obtained as a clear oil. (S)-3,7-
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Dimethyloctan-1-ol was obtained in quantitative yield (20.6 g, 0.13 mol). 1H NMR (400 MHz, Chloroform-d1): δ 
[ppm] = 3.75 – 3.64 (m, 2H), 1.69 – 1.07 (m, 10H), 0.90 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.7 Hz, 6H). 

Synthesis of (S)-3,7-dimethyloctanoic acid (7)[66] 

 

Periodic acid (15.85 g, 69.5 mmol, 2.2 eq.) was dissolved in 250 mL acetonitrile and cooled with an ice bath. Then, 
(S)-3,7-dimethyloctan-1-ol (5 g, 31.6 mmol, 1 eq.) was dissolved in 40 mL acetonitrile and added dropwise to the 
cooled solution of periodic acid. After pyridinium chlorochromate (136 mg, 0.6 mmol, 0.02 eq.) had been added, 
the reaction mixture turned yellow. Stirring was continued for 15 min at 0 °C and subsequently for 16 h at room 
temperature. The solution was concentrated, diluted in 500 mL ethyl acetate and extracted with 250 mL of a water/ 
brine solution (v/v = 1/1), 250 mL saturated aqueous NaHSO3 solution and 250 mL brine. The organic layer was 
dried with MgSO4, filtered and the filter cake was washed with ethyl acetate. The organic phase was concentrated 
by reduced pressure. The crude product was purified by Kugelrohr distillation (1 mbar, 120 °C). (S)-3,7-
dimethyloctanoic acid was obtained in 74% yield (4.01 g, 23.3 mmol). 1H NMR (400 MHz, Chloroform-d1): δ [ppm] 
= 2.35 (dd, J = 15.0, 5.9 Hz, 1H), 2.15 (dd, J = 14.9, 8.2 Hz, 1H), 2.02 – 1.91 (m, 1H), 1.57 – 1.47 (m, 1H), 1.39 – 1.11 
(m, 6H), 0.97 (d, J = 6.7 Hz, 3H), 0.87 (d, J = 6.6 Hz, 6H). 

Synthesis of N,N-dimethylbenzene-1,3-diamine (10)  

 

N,N-Dimethyl-3-nitroaniline (2.56 g, 15 mmol) was dissolved in 100 mL of ethyl acetate. The orange solution was 
bubbled through with argon for 15 minutes. Then Pd/C (30.2 mg, 10%) was added to the solution. The reaction 
mixture flask was pressurized with hydrogen gas (5 bar) for 32 hours. The colorless reaction mixture was filtered 
through diatomaceous earth. The filtrate’s solvent was removed by rotary evaporation to afford an orange liquid. 
The obtained N,N-dimethylbenzene-1,3-diamine (2.04 g, 15 mmol, 100%) was used for the following reaction 
without further purification. 1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 7.03 (t, J = 8.0 Hz, 1H), 6.20 (dd, J = 8.5, 
2.1 Hz, 1H), 6.13 – 6.06 (m, 2H), 3.58 (br, 2H), 2.91 (s, 6H). 

Synthesis of N-(3-(dimethylamino)phenyl)octanamide (a-11) 

 

N,N-Dimethylbenzene-1,3-diamine (2.00 g, 15 mmol) and triethylamine (2.66 mL, 19 mmol) were added to 50 mL 
dry dichloromethane under argon atmosphere. After the solution was cooled to 0°C, octanoyl chloride (2.67 g, 16 
mmol) was added. A precipitate formed upon the addition. The reaction mixture was allowed to warm up to room 
temperature and was further stirred for 16 hours. The reaction mixture was extracted three times with 25 mL 
water, four times with 25 mL of an one molar aqueous solution of sodium hydroxide solution and finally twice 25 
mL with brine. The organic phase was dried with MgSO4, filtered and the solvent was removed by rotary 
evaporation to obtain N-(3-(Dimethylamino)phenyl)octanamide in 77% yield (3.29 g, 12.5 mmol). 1H NMR (400 
MHz, Chloroform-d1): δ [ppm] = δ 7.17 – 7.13 (m, 2H), 7.08 (br, 1H), 6.69 (d, J = 7.9 Hz, 1H), 6.49 – 6.46 (m, 1H), 
2.94 (s, 6H), 2.33 (t, J = 7.6 Hz, 2H), 1.72 (q, J = 7.4 Hz, 2H), 1.34 – 1.28 (m, 8H), 0.87 (t, J = 6.8 Hz, 3H). 

Synthesis of (S)-N-(3-(dimethylamino)phenyl)-3,7-dimethyloctanamide (S-11) 

 

(S)-3,7-Dimethyloctanoic acid (2.83 g, 16.7 mmol) was dissolved in dry dichloromethane (40 mL) in dried glassware 
under argon. After the solution was cooled to 0°C, oxalyl chloride (2.91 g, 23 mmol) and N,N-dimethylformamide 
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(0.2 mL, cat.) were added to the solution. The reaction mixture was then allowed to warm up to room temperature 
and reacted for 1.5 hours. The reaction mixture was distilled at 65°C under 1 atm. The residue was redissolved in 
dry dichloromethane and added dropwise to a cooled solution of N,N-dimethyl-3-nitroaniline (2.09 g, 15 mmol) 
and triethylamine (2.35 mL, 17 mmol) in dry dichloromethane (40 mL) under argon. After 60 hours, the reaction 
mixture was extracted three times with brine and twice with water. The organic phase was dried with MgSO4, 
filtered and the solvent was removed by rotary evaporation to afford 4.34 g of black crude product. The crude 
product was purified on a silica column (heptane - ethyl acetate, 0-50%) to afford (S)-N-(3-
(Dimethylamino)phenyl)-3,7-dimethyloctanamide as viscous beige oil in 47% yield (2.09 g, 7.1 mmol). 1H NMR (400 
MHz, Chloroform-d1): δ [ppm] = 7.15 (t, J = 8.1 Hz, 2H), 7.02 (br, 1H), 6.69 (d, J = 7.2 Hz, 1H), 6.48 (dd, J = 8.3, 2.0 
Hz, 1H), 2.95 (s, 6H), 2.37 – 2.32 (m, 1H), 2.12 – 2.07 (m, 2H), 1.51 (sept, J = 6.6 Hz, 1H), 1.37 – 1.15 (m, 6H), 0.99 
(d, J = 6.2 Hz, 3H), 0.86 (d, J = 7.6 Hz, 6H). 

Synthesis of 5-aminobenzene-1,3-diol hydrochloride (13) 

 

Argon gas was bubbled through 40 mL aqueous ammonia solution for 15 min. The solution was cooled to 0 °C 
before phloroglucinol dihydrate (8 g, 49 mmol, 1.0 eq.) was added. The mixture was allowed to warm up to room 
temperature and was stirred for 16 h under argon atmosphere. The turbid solution was concentrated by distillation 
under reduced pressure until ca. 20 mL water had been removed. 20 mL 3 N HCl(aq.) (63 mmol, 1.3 eq.) was added 
and the dispersion was concentrated until dryness. 5-Aminobenzene-1,3-diol hydrochloride (7.8 g, 48.3 mmol) was 
obtained as a yellowish solid (99% yield) and used without purification in the following reaction. 1H NMR (400 MHz, 
DMSO-d6): δ [ppm] = 10.02 (s, 3H), 7.47 – 7.09 (m, 1H), 6.28 – 6.22 (m, 2H). 

Synthesis of 3,5-bis((triisopropylsilyl)oxy)aniline (14) 

 

The reaction was carried out under inert conditions in dried glassware under argon. 5-Aminobenzene-1,3-diol 
hydrochloride (3.72 g, 23 mmol, 1 eq.) and imidazole (6.0 g, 88 mmol, 3.8 eq.) were dissolved in 25 mL dry N,N-
dimethylformamide. The mixture was cooled to 0 °C and triisopropylsilyl chloride (12.3 mL, 58 mmol, 2.5 eq.) was 
added. The reaction mixture was allowed to warm up to room temperature and stirring was continued for 16 h. 
The reaction was stopped by addition of an aqueous saturated NH4Cl solution (20 mL). The mixture was extracted 
twice with 50 mL ethyl acetate. The combined organic layers were washed with 50 mL water and 50 mL brine and 
finally dried with MgSO4. The yellowish solution was filtrated, and the filter cake was washed with ethyl acetate. 
Concentration by rotary evaporation yielded crude product which was purified by silica column chromatography 
with chloroform (20-50%) in heptane as eluent. Pure 3,5-bis((triisopropylsilyl)oxy)aniline was obtained as yellow 
oil in 40% yield (4.0 g, 9.2 mmol). 1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 5.87 (s, 3H), 3.52 (s, 2H), 1.26 – 
1.19 (m, 6H), 1.09 (d, J = 7.2 Hz, 36H). 

Synthesis of N-(3,5-bis((triisopropylsilyl)oxy)phenyl)octanamide (a-15) 

 

The reaction was carried out under inert conditions in dried glassware under argon. Caprylic acid (2.16 g, 15 mmol, 
1 eq.) were dissolved in 30 mL dry dichloromethane. The solution was cooled to 0 °C and 0.96 mL oxalyl chloride 
(16.5 mmol, 1.1 eq.) and 57 µL N,N-dimethylformamide (0.75 mmol, 0.05 eq.) were added. The reaction mixture 
was allowed to warm up to room temperature again and stirred for two hours before the solvent was removed by 
distillation under reduced pressure. The crude product was dissolved in 15 mL dry dichloromethane and added 
dropwise to a cool solution of 3,5-bis((triisopropylsilyl)oxy)aniline (6.2 g, 15 mmol, 1.0 eq.) and triethylamine 
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(2.17 mL, 16.5 mmol, 1.1 eq.) in dry dichloromethane. The reaction mixture was allowed to warm up to room 
temperature again and stirred for 16 h. The reaction mixture was extracted with 25 mL brine, 25 mL water and 
dried with MgSO4. The mixture was filtered, and the filter cake was washed with dichloromethane. Subsequently, 
the obtained solution was concentrated. Purification was performed by silica column chromatography with 
chloroform (0-100%) in heptane as eluent. The pure product was obtained as white solid in 49% yield (49%, 7.25 
mmol). 1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 6.91 (s, 1H), 6.74 (s, 2H), 6.18 (s, 1H), 2.30 (t, J = 7.6 Hz, 2H), 
1.74 – 1.67 (s, 2H), 1.37 – 1.08 (m, 42H), 0.88 (t, J = 6.8 Hz, 3H). 

Synthesis of N-(3,5-bis((triisopropylsilyl)oxy)phenyl)octanamide (S-15) 

 

The reaction was carried out under inert conditions in dried glassware under argon. (S)-3,7-Dimethyloctanoic acid 
(1.59 g, 9.2 mmol, 1 eq.) was dissolved in 20 mL dry dichloromethane. The solution was cooled to 0 °C and oxalyl 
chloride (0.87 mL, 10.1 mmol, 1.1 eq.) as well as N,N-dimethylformamide (35 µL, 0.46 mmol, 0.05 eq.) were added. 
The reaction mixture was allowed to warm up to room temperature again and stirred for two hours before the 
solvent was removed by distillation under reduced pressure. The crude product was dissolved in 10 mL dry 
dichloromethane and added dropwise to a cool solution of 3,5-bis((triisopropylsilyl)oxy)aniline (4 g, 9.1 mmol, 
1.0 eq.) and triethylamine (1.42 mL, 10.2 mmol, 1.1 eq.) in 20 mL of dry dichloromethane. The reaction mixture 
was allowed to warm up to room temperature again and stirred for 16 h. The reaction mixture was extracted with 
25 mL brine and 25 mL water. The organic phase was dried with MgSO4. The mixture was filtered and the filter 
cake was washed with dichloromethane. Subsequently, the obtained solution was concentrated to yield crude (S)-
N-(3,5-bis((triisopropylsilyl)oxy)phenyl)-3,7-dimethyloctanamide. Purification was performed by silica column 
chromatography with dichloromethane (20-60%) in heptane as eluent. The pure product was obtained as white 
solid in 74% yield (3.98 g, 6.7 mmol). 1H NMR (400 MHz, Chloroform-d1): δ [ppm] =  6.90 (s, 1H), 6.74 (s, 2H), 6.18 
(s, 1H), 2.32 (q, J = 9.4 Hz, 1H), 2.06 (q, J = 7.9 Hz, 2H), 1.52 – 1.46 (m, 1H), 1.35 - 1.08 (m, 46H), 0.98 (d, J = 5.9 Hz, 
2H), 0.90 – 0.85 (m, J = 19.4 Hz, 9H). 

Synthesis of N-(3,5-dihydroxyphenyl)octanamide (a-16) 

 

The reaction was carried out under inert conditions in dried glassware under argon. N-(3,5-
bis((triisopropylsilyl)oxy)phenyl)octanamide (4.04 g, 7.1 mmol, 1 eq.) were dissolved in 50 mL dry tetrahydrofuran. 
The solution was cooled to 0 °C before 22 mL tetra-n-butylammoniumfluoride (1M in tetrahydrofuran, 22 mmol, 
3 eq.) were added. The reaction mixture was allowed to warm up to room temperature again and stirred for three 
hours. The obtained solution was diluted with 50 mL ethyl acetate and extracted with 20 mL saturated aqueous 
NH4Cl solution, 20 mL brine and 20 mL water. The organic phase was dried with MgSO4, filtered and the filter cake 
was washed with ethyl acetate. Subsequently, the obtained solution was concentrated to yield crude product. 
Purification was performed by silica column chromatography with methanol (0-10%) in dichloromethane as eluent. 
The pure product was obtained as white solid in 88% yield (1.57 g, 6.2 mmol). 1H NMR (400 MHz, DMSO-d6): δ 
[ppm] =  9.53 (s, 1H), 9.10 (s, 2H), 6.55 (d, J = 2.1 Hz, 2H), 5.87 (t, J = 2.2 Hz, 1H), 2.23 (t, J = 7.4 Hz, 2H), 1.58 – 1.525 
(m, 2H), 1.32 – 1.20 (m, 8H), 0.85 (t, J = 7.0 Hz 3H). 
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Synthesis of (S)-N-(3,5-dihydroxyphenyl)-3,7-dimethyloctanamide (S-16) 

 

The reaction was carried out under inert conditions in dried glassware under argon. (S)-N-(3,5-
Bis((triisopropylsilyl)oxy)phenyl)-3,7-dimethyloctanamide (1.02 g, 1.73 mmol, 1 eq.) was dissolved in 20 mL dry 
tetrahydrofuran. The solution was cooled to 0 °C before tetra-n-butylammoniumfluoride (1 M in tetrahydrofuran, 
5.2 mL, 5.19 mmol, 3 eq.) was added. The reaction mixture was allowed to warm up to room temperature again 
and stirred for three hours. The obtained solution was diluted with 25 mL ethyl acetate and extracted with 10 mL 
saturated aqueous NH4Cl solution, 10 mL brine and 10 mL water. The organic phase was dried with MgSO4, filtered 
and the filter cake was washed with ethyl acetate. Subsequently, the obtained solution was concentrated to yield 
crude (S)-N-(3,5-bis((triisopropylsilyl)oxy)phenyl)-3,7-dimethyloctanamide. Purification was performed by silica 
column chromatography with methanol (0-20%) in chloroform as eluent. The pure product was obtained as white 
solid in 94% yield (455 mg, 1.6 mmol). 1H NMR (400 MHz, Acetone-d6): δ [ppm] =  8.86 (s, 1H), 8.13 (s, 1H), 6.76 (d, 
J = 2.1 Hz, 2H), 6.06 (t, J = 2.2 Hz, 1H), 2.30 (dd, J = 13.8, 6.0 Hz, 1H), 2.13 – 2.08 (m, 1H), 2.00 – 1.98 (m, 1H), 1.58 
– 1.48 (m, 1H), 1.40 – 1.1 (m, 6H), 0.94 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.6 Hz, 6H). 

Synthesis of a-SQ-1 

 

A flask filled with 80 mL of 50/50 n-propanol/toluene was fitted with a Dean-Stark trap and cooler and heated to 
110 °C. After the trap was fully filled with solvent and manually emptied once, squaric acid (218 mg, 1.9 mmol, 1 
eq.) was added. Heating and stirring were continued for 15 minutes before N-(3-
(dimethylamino)phenyl)octanamide (1.0 g, 3.8 mmol, 2 eq.) was added. The solution turned dark green and 
heating and stirring were continued. After 20 hours of reaction, the mixture had a deep turquoise color. The 
reaction mixture was cooled down and the solvent was removed by rotary evaporation to afford a green crude 
product (1.08 g, 1.79 mmol, 89%). The crude product was recrystallized from acetonitrile to afford pure a-SQ-1 in 
high yield (0.97 g, 1.61 mmol, 85%). 1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 12.04 and 11.94 (s, 2H),1 8.49 
and 8.43 (d, J = 9.2 Hz, 2H), 8.25 and 8.22 (d, J = 2.4 Hz, 2H), 6.45 – 6.42 (m, 2H), 3.18 (s, 12H), 2.62 and 2.56 (t, J = 
7.2 Hz, 4H), 1.76 (quin, J = 7.2 Hz, 4H), 1.46 – 1.29 (m, 16H), 0.876 (t, J = 6.0 Hz, 6H). 13C NMR (101 MHz, Chloroform-
d1): δ [ppm] = 182.74, 182.53 and 181.52 (2C), 175.86 and 175.33 (2C), 174.19 and 173.87 (2C), 156.88 (2C), 144.09 
(2C), 133.95 and 133.30 (2C), 112.76 and 112.55 (2C), 108.64 (2C), 102.48 (2C), 40.63 (4C), 38.18 and 38.01 (2C), 
31.93 and 31.89 (2C), 29.62, 29.40, 29.36 and 29.33 (4C), 25.42 and 25.42 (2C), 22.87 (2C), 14.53 (2C). MALDI-TOF 
found 602.42 m/z (calculated 602.38). FT-IR (cm-1): 3135 (w), 3096 (w), 2953 (w), 2918 (m), 2872 (w), 2852 (m), 
2808 (w), 2676 (w), 1706 (m), 1609 (s), 1578 (s), 1535 (m), 1483 (m), 1458 (m), 1389 (s), 1352 (s), 1278 (s), 1242 
(s), 1207 (s), 1179 (s), 1154 (s), 1125 (s), 1090 (s), 1063 (s), 958 (m), 944 (m), 891 (s), 853 (s), 821 (s) 804 (m), 781 
(s), 725 (m), 707 (m), 684 (m), 663 (m), 641 (m), 593 (w), 565 (w), 524 (s) 500 (s), 461 (s). 

 

 

 
1 See subchapter “Temperature dependent NMR a-SQ-1” for the explanation of the splitting 
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Synthesis of S-SQ-1 

 

A flask filled with 100 mL of 50/50 n-propanol/toluene was fitted with a Dean-Stark trap and cooler and heated to 
110 °C. After the trap was fully filled and manually emptied twice, squaric acid (99.7 mg, 0.86 mmol, 1 eq.) was 
added. After 30 minutes, (S)-N-(3-(dimethylamino)phenyl)-3,7-dimethyloctanamide (0.51 g, 1.7 mmol, 2 eq.) was 
added to the solution which turned dark green upon addition After 20 hours of reaction the mixture had a deep 
turquoise color. The reaction mixture was cooled down and the solvent was removed by rotary evaporation to 
afford a green crude product (507 mg, 0.77 mmol, 45%). The crude product was recrystallized from acetonitrile to 
afford pure S-SQ-1 in high yield (456 mg, 0.69 mmol, 81%). 1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 12.08 
and 11.94 (s, 2H), 8.55 and 8.49 (d, 9.2 Hz, 2H), 8.31 and 8.30 (d, 2.4 Hz, 2H), 6.48 (dd, J = 92 Hz, J = 2.4 Hz, 2H), 
3.22 (s, 12H), 2.66 – 2.53 (m, 2H), 2.45 – 2.37 (m, 2H), 2.14 (br, 2H), 1.59 – 1.47 (m, 2H), 1.45 – 1.14 (m, 12H), 1.03 
(d, J = 6.6 Hz, 6H), 0.88 – 0.84 (m, 12H). 13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 182.74 and 181.68 (2C), 
176.03 and 175.57 (2C), 173.85 and 173.47 (2C), 156.95 (2C), 144.09 and 143.98 (2C), 134.00 and 133.38 (2C), 
112.80 and 112.59 (2C), 108.73 (2C), 102.60 (2C), 45.91 and 45.65 (2C), 40.67 (4C), 39.23, 37.37 and 37.23 (4C), 
30.86 and 30.83 (2C), 28.15 (2C), 25.08 and 25.01 (2C), 22.87, 22.85, 22.75 and 22.71 (4C), 20.07 and 19.96 (2C). 
MALDI-TOF found 658.47 m/z (calculated 658.45). FT-IR (cm-1): 3133 (w), 2953 (m), 2925 (m), 2868 (m), 2681 (w), 
1710 (w), 1607 (s), 1574 (s), 1532 (m), 1484 (w), 1455 (m), 1412 (w), 1382 (m), 1354 (s), 1325 (s), 1277 (s), 1241 
(s), 1195 (s), 1139 (s), 1124 (s), 1063 (s), 902 (s), 879 (s), 862 (s), 812 (s), 781 (s), 725 (s), 681 (m), 664 (m), 649 (m), 
556 (w), 520 (s), 498 (s), 463 (m). 

Synthesis of a-SQ-2  

 

A flask filled with 50 mL of 50/50 n-propanol/toluene was fitted with a Dean-Stark trap and cooler and heated to 
110 °C. Squaric acid (114 mg, 1.0 mmol, 1 eq.) was added and heating was continued for three hours. N-(3,5-
Dihydroxyphenyl)octanamide (510 mg, 2.0 mmol, 2 eq.) was added. The mixture was heated and stirred for 20 h. 
The reaction mixture formed a deep blue color, was cooled down and concentrated until dryness. The dark blue 
residue was dispersed in 30 mL ethyl acetate by sonication. After extraction with 20 mL 0.5 M aqueous 
hydrochloric acid solution a dark blue solid was filtered off the organic layer. The obtained product was dried in 
vacuum and characterized without further purification. a-SQ-2 was obtained in 60% yield (350 mg, 0.6 mmol). 1H 
NMR (400 MHz, DMSO-d6): δ [ppm] = 12.46 (br, 2H), 11.26 (s, 2H), 7.58 (s, 2H), 6.00 (s, 2H), 2.40 (t, J = 7.4 Hz, 4H), 
1.65 – 1.55 (m, 4H), 1.29 – 1.25 (m, 16H), 0.86 – 0.83 (m, 6H). MALDI-TOF found 580.30 m/z (calculated 580.28). 
FT-IR (cm-1): 2954 (m), 2922 (m), 2854 (m), 2625 (m), 1681 (w), 1583 (s), 1516 (m), 1455 (m), 1427 (m), 1383 (m), 
1322 (m), 1226 (m), 1191 (s), 1174 (s), 1135 (s), 1123 (s), 1099 (m), 1024 (s), 948 (m), 866 (m), 801 (s), 760 (s), 723 
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(s), 659 (m), 619 (m), 598 (m), 538 (m), 486 (s). Elemental analysis: found 66.10% C, 6.91% H, 4.81% N, 21.84% O 
(calculated: 66.19% C, 6.94% H, 4.82% N, 22.04% O).2 

Synthesis of (3S,3'S)-N,N'-((2,4-dioxocyclobutane-1,3-diyl)bis(3,5-dihydroxy-2,1-phenylene))bis(3,7-
dimethyloctanamide) S-SQ-2 

 

A flask filled with 50 mL of 50/50 n-propanol/toluene was fitted with a Dean-Stark trap and cooler and heated to 
110 °C. Squaric acid (19 mg, 0.17 mmol, 1 eq.) was added and heating was continued for three hours. (S)-N-(3,5-
dihydroxyphenyl)-3,7-dimethyloctanamide (100 mg, 0.36 mmol, 2.1 eq.) was added. The mixture was heated and 
stirred for 20 h. The reaction mixture formed a deep blue color, was cooled down and concentrated until dryness. 
The dark blue residue was dispersed in 40 mL ethyl acetate by sonication. After extraction with 20 mL 0.5 M 
aqueous hydrochloric acid solution a dark blue solid was filtered off the organic layer. The obtained product was 
dried in vacuum and characterized without further purification. S-SQ-2 was obtained in 11% yield (12 mg, 
0.02 mmol). The low yield was caused by the small scale of the reaction. 1H NMR (400 MHz, DMSO-d6): δ [ppm] = 
12.41 (br, 2H), 11.26 (s, 2H), 7.58 (s, 2H), 5.97 (s, 2H), 2.41 (dd, J = 14.2, 6.4 Hz, 2H), 2.23 (dd, J = 14.3, 7.6 Hz, 2H), 
1.98 (br, 2H), 1.54 – 1.44 (m, 2H), 1.35 – 1.09 (m, 12H), 0.92 (d, J = 6.7 Hz, 6H), 0.83 (d, J = 6.6 Hz, 12H). MALDI-TOF 
found 659.34 m/z (calculated [M]+Na+ 659.33). FT-IR (cm-1): 2955 (m), 2928 (m), 2868 (m), 2620 (br), 1682 (w), 
1610 (m), 1583 (s), 1517 (m), 1458 (w), 1426 (m), 1383 (m), 1325 (w), 1229 (s), 1196 (s), 1174 (s), 1125 (s), 1024 
(s), 953 (m), 866 (m), 806 (m), 770 (m), 723 (s), 659 (w), 616 (m), 598 (m), 535 (m), 486 (m). Elemental analysis: 
found 66.91% C, 7.47% H, 4.29% N, 19.84% O (calculated: 67.90% C, 7.60% H, 4.40% N, 20.10% O). 

Synthesis of Si7-SQ-Si7, Si11-SQ-Si11 and Si15-SQ-Si15 

 

The reaction was carried out under inert conditions in dried glassware under argon. u-SQ-1 and 2.5 eq. discrete 
siloxane (C15H46O6Si7, C23H70O10Si11 or C31H94O14Si15) were dissolved in dry DCM. The exact amounts of substance 
and reaction temperatures are given in Table 2.1. 

 
2 The elemental analysis showed the presence of 0.34 wt% contamination of other elements than C, H, N and O. The material is 

most likely salt accumulated during the purification.  
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Table 2.1: Synthesis of Si7-SQ-Si7, Si11-SQ-Si11 and Si15-SQ-Si15 – amounts of used substances and reaction 
temperature. 

entry siloxane u-SQ-1 DCM Temp. 

1 95 mg, 0.18 mmol C15H46O6Si7 50 mg, 0.07 mmol 25 mL R.T. 

2 149 mg, 0.18 mmol C23H70O10Si11 50 mg, 0.07 mmol 5 mL 35 °C 

3 203 mg, 0.18 mmol C31H94O14Si15 50 mg, 0.07 mmol 50 mL R.T. 

One droplet of Karstedt catalyst was added and stirring was continued. After 30 minutes, conversion was 
investigated by 1H NMR spectroscopy and another droplet of Karstedt catalyst was added. Investigation of 
conversion and addition of an additional droplet of catalyst was continued until complete conversion of u-SQ-1 
was reached. Purification was performed in two steps. Step one was silica column chromatography with methanol 
(0-10%) and isopropylamine (0-2%) in chloroform as eluent. The second step was a recycle gel permeation 
chromatography GPC) performed on 100 mg crude using chloroform as eluent. 

Si7-SQ-Si7 was obtained in 38% yield (49 mg, 28.5 µmol). 1H NMR (399 MHz, Chloroform-d1): δ [ppm] = 12.07 and 
11.98 (s, 2H), 8.54 – 8.47 (m, 2H), 8.29 – 8.25 (m, 2H), 6.46 (s, 2H), 3.22 (s, 12H), 2.60 (dt, J = 27.1, 7.2 Hz, 4H), 1.76 
(p, J = 7.5, 7.1 Hz, 4H), 1.46 – 1.22 (m, 28H), 0.52 (s, 4H), 0.12 – -0.03 (m, 92H). 13C NMR (101 MHz, Chloroform-d1): 
δ [ppm] = 182.87, 175.41, 175.03, 174.27, 156.99, 144.19, 134.03, 133.36, 108.72, 102.60, 40.68, 38.24, 38.07, 
33.68, 29.87, 29.82, 29.77, 29.74, 29.68, 29.61, 29.46, 25.66, 25.44, 23.40, 18.43, 1.94, 1.33, 1.30, 1.22, 0.34. 
MALDI-TOF found 1720.87 m/z in negative mode (calculated 1718.78). FT-IR (cm-1): 2961 (m), 2922 (m), 2853 (w), 
1709 (w), 1610 (m), 1581 (m), 1535 (w), 1488 (w), 1454 (w), 1384 (w), 1324 (m), 1257 (s), 1200 (m), 1141 (m), 1020 
(s), 891 (m), 839 (m), 790 (s), 704 (m), 685 (m), 666 (m), 643 (m), 522 (m). 

Si11-SQ-Si11 was obtained in 42% yield (71.8 mg, 30.7 µmol). 1H NMR (399 MHz, Chloroform-d1): δ [ppm] = 12.00 
and 11.92 (s, 2H), 8.74 – 8.40 (m, 2H), 8.22 – 8.19 (d, J = 14.7 Hz, 2H), 6.42 – 6.40 (d, J = 8.9 Hz, 2H), 3.21 (s, 12H), 
2.60 (dt, J = 26.4, 7.0 Hz, 4H), 1.76 (p, J = 7.3 Hz, 4H), 1.35 (d, J = 60.1 Hz, 28H), 0.52 (s, 4H), 0.17 – -0.12 (m, 140H). 
13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 182.87, 175.43, 157.00, 144.20, 133.39, 112.76, 108.72, 102.59, 
40.67, 38.24, 38.06, 33.68, 30.59, 29.88, 29.83, 29.77, 29.74, 29.68, 29.61, 29.46, 25.67, 25.45, 23.40, 18.43, 1.93, 
1.32, 1.29, 1.20, 0.33. MALDI-TOF found 2313.98 m/z in positive mode (calculated 2313.98). FT-IR (cm-1): 2962 (m), 
2923 (m), 2854 (w), 1709 (w), 1612 (m), 1581 (m), 1534 (w), 1455 (w), 1385 (w), 1331 (m), 1257 (s), 1202 (m), 1145 
(m), 1016 (s), 891 (m), 840 (m), 791 (s), 704 (m), 685 (m), 666 (m), 523 (m). 

Si15-SQ-Si15 was obtained in 34% yield (31.5 mg, 10.8 µmol). 1H NMR (399 MHz, Chloroform-d1): δ [ppm] = 12.00 
and 11.92 (s, 2H), 8.46 and 8.41 (d, J = 9.1 Hz, 2H), 8.22 and 8.18 (d, J = 2.1 Hz, 2H), 6.42 and 6.40 (d, J = 2.4 Hz, 
2H), 3.14 (s, 12H), 2.53 (dt, J = 27.1, 7.6 Hz, 4H), 1.69 (p, J = 7.5 Hz, 4H), 1.40 – 1.14 (m, 28H), 0.45 (s, 4H), 0.04 – -
0.05 (m, 188H). 13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 181.69, 174.22, 173.06, 155.81, 141.53, 132.86, 
107.53, 101.40, 39.48, 36.85, 32.48, 28.63, 28.57, 28.54, 28.42, 28.26, 28.01, 24.25, 22.21, 17.23, 0.73, 0.12, 0.09, 
-0.00, -0.87. MALDI-TOF found 2907.12 m/z in negative mode (calculated 2903.08). FT-IR (cm-1): 2962 (m), 2923 
(w), 2854 (w), 1708 (w), 1614 (m), 1582 (m), 1534 (w), 1454 (w), 1387 (w), 1353 (m), 1258 (s), 1209 (m), 1179 (w), 
1153 (m), 1015 (s), 892 (m), 841 (m), 792 (s), 685 (m), 665 (m), 524 (m). 

Synthesis of N-phenyloctanamide (3) 

 

The reaction was carried out under inert conditions in dried glassware under argon. Octanoyl chloride (3.9 mL, 23 
mmol, 1.0 eq.) was dissolved in 20 mL dry dichloromethane and added dropwise to a cool solution of aniline 
hydrochloride (3.0 g, 23 mmol, 1.0 eq.) and triethylamine (6.7 mL, 48 mmol, 2.1 eq.) in dry dichloromethane. The 
reaction mixture was allowed to warm up to room temperature again and stirred for 16 h. The reaction mixture 
was extracted once with an aqueous solution of hydrochloric acid (pH = 0) mL and twice with 25 mL water. The 
organic phase was dried with MgSO4. The mixture was filtered and the filter cake was washed with 
dichloromethane. Subsequently, the obtained solution was concentrated. The pure product was obtained in 85% 
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yield (4.3 g, 19 mmol). 1H NMR (400 MHz, DMSO-d6): δ [ppm] = 9.83 (s, 1H), 7.58 (d, J = 7.9 Hz, 2H), 7.27 (t, J = 7.8 
Hz, 2H), 7.01 (t, J = 7.3 Hz, 1H), 2.28 (t, J = 7.4 Hz, 2H), 1.63 – 1.53 (m, 2H), 1.30 – 1.24 (m, 8H), 0.86 (t, J = 6.7 Hz, 
3H). 

Synthesis attempt of a-SQ-3 

A flask filled with 50 mL of 50/50 n-propanol/toluene was fitted with a Dean-Stark trap and cooler and heated to 
110 °C. Squaric acid (520 mg, 4.6 mmol, 1 eq.) was added and heating was continued for three hours. N-
phenyloctanamide (2 g, 10 mmol, 2.2 eq.) was added. The mixture was heated and stirred for 20 h. The reaction 
mixture did not form a deep blue color and NMR spectroscopy proved the absence of product formation. 

Synthesis of (S)-N-(3-hydroxy-5-methoxyphenyl)-3,7-dimethyloctan-amide (4) 

 

The synthesis of (4) was started from N-(3,5-bis((triisopropylsilyl)oxy) phenyl)octanamide and performed in three 
steps (S-15). 

The first reaction was carried out under inert conditions in dried glassware under argon. (S)-N-(3,5-
Bis((triisopropylsilyl)oxy)phenyl)-3,7-dimethyloctanamide (2.05 g, 3.4 mmol, 2 eq.) was dissolved in 50 mL dry 
tetrahydrofuran. The solution was cooled to 0 °C before tetra-n-butylammoniumfluoride (1 M in tetrahydrofuran, 
1.75 mL, 1.75 mmol, 1 eq.) was added. The reaction mixture was allowed to warm up to room temperature again 
and stirred for three hours. The obtained solution was diluted with 25 mL ethyl acetate and extracted with 20 mL 
saturated aqueous NH4Cl solution, 20 mL brine and 20 mL water. The organic phase was dried with MgSO4, filtered 
and the filter cake was washed with ethyl acetate. Subsequently, the obtained solution was concentrated to yield 
crude (S)-N-(3-hydroxy-5-((triisopropylsilyl)oxy)phenyl)-3,7-dimethyloctan-amide. Purification was performed by 
silica column chromatography with EtOAc (0-20%) in heptane as eluent. Still double protected starting material 
was isolated, too. After two deprotection cycles and purification, the pure product was obtained as white oil in 
56% yield (840 mg, 1.9 mmol). 1H NMR (400 MHz, Chloroform-d1): δ [ppm] =  7.10 (s, 1H), 6.96 (s, 1H), 6.40 (s, 1H), 
6.17 (s, 1H), 5.67 (s, 1H), 2.34 (q, 1H), 2.13 – 2.03 (m, 2H), 1.59 – 1.45 (m, 1H), 1.38 – 1.13 (m, 9H), 1.10 (d, J = 7.3 
Hz, 18H), 0.98 (d, J = 6.2 Hz, 3H), 0.86 (dd, J = 6.6, 1.2 Hz, 6H). 

In the second step, (S)-N-(3-hydroxy-5- ((triisopropylsilyl)oxy)phenyl) -3,7-dimethyloctanamide (0.63 g, 1.4 mmol) 
was dissolved in 40 mL acetone. K2CO3 (1.01 g, 7.3 mmol) and MeI (0.38 ml, 6.1 mmol) were added to the solution. 
The reaction mixture was stirred for 40 hours at 45°C. The reaction mixture was diluted with 40 mL EtOAc and 
extracted with 25 mL water. The water phase was extracted with 20 mL EtOAc. The combined organic phases were 
washed with 30 mL aqueous saturated K2CO3 solution. The organic phase was then dried with MgSO4 and filtered. 
The filter was washed with 10 mL EtOAc and solvent was removed by rotary evaporation to afford a crude (0.62 
g). The crude was purified on a silica column (heptane-EtOAc, 0-20%) to afford pure (S)-N-(3-methoxy-5-
((triisopropylsilyl)oxy)phenyl)-3,7-dimethyloctanamide in 73% yield (300 mg, 0.7 mmol). 1H NMR (400 MHz, 
Chloroform-d1): δ [ppm] = 6.95 (s, 1H), 6.86 (s, 1H), 6.66 (s, 1H), 6.21 (s, 1H), 3.76 (s, 3H), 2.32 (q, 1H), 2.08 (t, J = 
9.0 Hz, 2H), 1.56 – 1.45 (m, 1H), 1.40 – 1.13 (m, 9H), 1.10 (d, J = 7.3 Hz, 18H), 0.99 (d, J = 6.1 Hz, 3H), 0.86 (dd, J = 
6.7, 1.1 Hz, 6H). 

The third reaction was carried out under inert conditions in dried glassware under argon. (S)-N-(3-methoxy-5-
((triisopropylsilyl)oxy)phenyl)-3,7-dimethyloctanamide (0.485 g, 1.1 mmol, 1 eq.) was dissolved in 20 mL dry 
tetrahydrofuran. The solution was cooled to 0 °C before tetra-n-butylammoniumfluoride (1 M in tetrahydrofuran, 
1.6 mL, 1.6 mmol, 1.5 eq.) was added. The reaction mixture was allowed to warm up to room temperature again 
and stirred for three hours. The obtained solution was diluted with 25 mL ethyl acetate and extracted with 10 mL 
saturated aqueous NH4Cl solution, 10 mL brine and 10 mL water. The organic phase was dried with MgSO4, filtered 
and the filter cake was washed with ethyl acetate. Subsequently, the obtained solution was concentrated to yield 
crude (S)-N-(3-hydroxy-5-methoxyphenyl)-3,7-dimethyloctanamide. Purification was performed by silica column 
chromatography with EtOAc (0-100%) in heptane as eluent. The pure product was obtained as white solid in 89% 
yield (280 mg, 1.0 mmol). 1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 7.16 (s, 1H), 7.04 (s, 1H), 6.41 (t, J = 2.0 Hz, 
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1H), 6.29 (s, 1H), 6.21 (t, J = 2.2 Hz, 1H), 3.77 (s, 3H), 2.36 (dd, J = 13.5, 5.5 Hz, 1H), 2.19 – 1.97 (m, 2H), 1.52 (s, 1H), 
1.41 – 1.11 (m, 6H), 0.99 (d, J = 6.3 Hz, 3H), 0.86 (dd, J = 6.6, 1.2 Hz, 6H). 

Synthesis attempt of a-SQ-4 

A flask filled with 50 mL of 50/50 n-propanol/toluene was fitted with a Dean-Stark trap and cooler and heated to 
110 °C. Squaric acid (49 mg, 0.43 mmol, 1 eq.) was added and heating was continued for three hours. N-
phenyloctanamide (0.28 g, 1.0 mmol, 2.2 eq.) was added. The mixture was heated and stirred at 50 °C for 20 h. 
The reaction mixture formed a deep blue color. NMR spectroscopy indicated a small conversion. Prolonged 
reaction time and increased temperature did not result in improving the amount of product in the reaction mixture 
but increased the amount of an insoluble greenish byproduct. 

2.4.3 Calculation of the activation energy barriers according to Shanan-Atidi 

The free energies of activation ∆𝐺‡
𝑚𝑎𝑗𝑜𝑟 and ∆𝐺‡

𝑚𝑖𝑛𝑜𝑟 between one rotamer and the transition state are defined 

as:[80,81] 

∆𝐺‡
𝑚𝑎𝑗𝑜𝑟  = 4.57 ∙ 𝑇𝑐 {10.62 + ln [

𝑋

2𝜋 (1−∆𝑃)
] + ln  (𝑇𝑐/∆𝜈)}                                               (a) 

∆𝐺‡
𝑚𝑖𝑛𝑜𝑟 = 4.57 ∙ 𝑇𝑐 {10.62 + ln [

𝑋

2𝜋 (1+∆𝑃)
] + ln  (𝑇𝑐/∆𝜈)}                                                (b) 

𝑇𝑐 is the coalescence temperature that is determined by VT-NMR spectroscopy. As seen in Figure 2.6, the signals 
of the two rotamers of a-SQ-1 coalesce at 64 °C (336 K) in the solvent 1,1,2,2- tetrachloroethane-d2. ∆𝜈 is the 
frequency difference between the signals of protons of the amides of both rotamers. The spectrum recorded at 
room temperature (Figure 2.6) shows that ∆𝜈 is 42 Hz. 𝛥𝑃 is the difference between the populations of the major 
and minor form is defined as: 

𝛥𝑃 =
𝑃𝑚𝑎𝑗𝑜𝑟−𝑃𝑚𝑖𝑛𝑜𝑟

𝑃𝑚𝑎𝑗𝑜𝑟+𝑃𝑚𝑖𝑛𝑜𝑟
 with 𝑃𝑚𝑎𝑗𝑜𝑟 > 𝑃𝑚𝑖𝑛𝑜𝑟                                                                (c) 

The required parameters 𝑃𝑚𝑎𝑗𝑜𝑟 and 𝑃𝑚𝑖𝑛𝑜𝑟 for solving equation (c) were obtained by the integration of the signals 

for the N-H protons of each rotamer in the 1H NMR spectrum that was recorded at room temperature. 𝑃𝑚𝑎𝑗𝑜𝑟 was 

1.00 and 𝑃𝑚𝑖𝑛𝑜𝑟 0.70. Solving equation c yields 𝛥𝑃 with 0.18. The last required parameter for solving equations (a) 
and (b) is 𝑋. 𝑋 is defined as 𝑋 = 2𝜋𝜏𝛥𝜈 and derived from the mean lifetime 𝜏 and the chemical shift difference ∆𝜈 
between the conformers. 𝑋 can also be calculated from 𝛥𝑃 after transposing equation (d): 

𝛥𝑃 = [
𝑋2−2

3
]

3

2
∙

1

𝑋
                                                                                        (d) 

Using the known 𝛥𝑃, 𝑋 was calculated3 as 1.86. With the determination of all required parameters which are 
summarized in Table 2.2, the energy of activation for the interconversion between both rotamers were determined 
using equations (a) and (b): 

∆𝐺‡
m𝑎𝑗𝑜𝑟 = ∆𝐺‡

𝑠𝑦𝑛 = 17993
𝑐𝑎𝑙

𝑚𝑜𝑙
 ≅  75 𝑘𝐽/𝑚𝑜𝑙 

∆𝐺‡
m𝑖𝑛𝑜𝑟 = ∆𝐺‡

𝑎𝑛𝑡𝑖 = 17433
𝑐𝑎𝑙

𝑚𝑜𝑙
 ≅  73 𝑘𝐽/𝑚𝑜𝑙 

The parameters used for the calculation of the activation energy barriers in CHCl3-d1 are given in Table 2.2, too. 
Analogous calculation as described above result in the activation energy barriers stated in the subchapter on the 
rotational isomerism of a-SQ-1. 

 
3 calculated using https://www.wolframalpha.com/. 
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Table 2.2: Parameters 𝛥𝑃, 𝑋 and 𝛥𝜈 required for the calculation of the activation energy barriers in TCE-d2 and 
CHCl3-d1. 

solvent ratio 
major/minor 

𝛥𝑃 𝑋 𝛥𝜈 

TCE-d2 1.00:0.70 0.18 1.86 42 Hz 

CHCl3-d1 1.00:0.64 0.22 1.92 39 Hz 

  

The error of the calculated activation energy barriers was performed using the propagation of uncertainty. The 
propagation of uncertainty is commonly expressed as: 

𝑠𝑓 = 𝑠𝑞𝑟𝑡 ((
𝜕𝑓

𝜕𝑥
)

2

∗ 𝑠𝑥
2 + (

𝜕𝑓

𝜕𝑦
)

2

∗ 𝑠𝑦
2 + (

𝜕𝑓

𝜕𝑧
)

2

∗ 𝑠𝑧
2 + ⋯ )                                        (e) 

𝑠𝑓 is the error of the value that is calculated using equation 𝑓 and the measured parameters 𝑥, 𝑦, 𝑧, … that have 

the errors 𝑠𝑥, 𝑠𝑦, 𝑠𝑧, … which are experimentally caused. 

Using equation (e), the following expression was obtained for the calculation of 𝑠𝐺 𝑚𝑖𝑛𝑜𝑟
‡  (error of ∆𝐺‡

𝑚𝑖𝑛𝑜𝑟): 

𝑠𝐺 𝑚𝑖𝑛𝑜𝑟
‡ = 𝑠𝑞𝑟𝑡 ((53.1034 + 4.57 ∗ 𝑙𝑛(𝑇𝑐/∆𝜈) + 4.57 ∗ 𝑙𝑛(−(0.159155 ∗ ∆𝑋)/(−1 + ∆𝑃)))

2

∗ (𝑠𝑇𝑐
)

2
+

((4.57 ∗ 𝑇𝑐)/∆𝑋)
2

∗ (𝑠∆𝑋)2 + (−(4.57 ∗ 𝑇𝑐)/(−1 + ∆𝑃))
2

∗ (𝑠∆𝑃)2 + (−(4.57 ∗ 𝑇𝑐)/∆𝜈)2 ∗ (𝑠∆𝜈)2)                   (f) 

The error 𝑠𝑇𝑐
 of 𝑇𝑐 was estimated as 3 K based on the calibration of the temperature unit of the NMR machine and 

the noise of the spectra. The error 𝑠∆𝜈 of ∆𝜈 was estimated as 0.5 Hz K based on noise of the spectra. The ratio of 
the rotamers was determined by integration of the NMR spectra. Based on the noise of the baseline, the error of 
the integration was estimated to be 0.02 assuming an integral of the major form of 1.00. As a result of the error in 
integration, the errors  𝑠∆𝑋 and 𝑠∆𝑃 were estimated as 0.0255 and 0.15 respectively. 

Using equation (f) and the data presented in Table 2.2 as well as the estimated experimental errors, 𝑠𝐺 𝑚𝑖𝑛𝑜𝑟
‡  is 332 

cal/mol = 1 kJ/mol. When the propagation of uncertainty is used for determining 𝑠𝐺 𝑚𝑎𝑗𝑜𝑟
‡   (the error of  ∆𝐺‡

𝑚𝑎𝑗𝑜𝑟) 

the value of 1 kJ/mol was obtained, too. We conclude that the errors of the calculated activation energy barriers 
were 1 kJ/mol in our experiment series. 

2.4.4 Density function theory 

A derivative of a-SQ-1 with two acetamide substituents a-SQ-1* was used for the calculations to reduce calculation 
time. Conformational searches (5.000 steps) were performed using MacroModel 11.0[68] with the OPLS3 force 
field[69] in CDCl3[70,71] and a cutoff of 21 kJ/mol. The search provided two conformers (syn and anti). Geometry 
optimization using Jaguar at the B3-LYP-D3/6-31G** level of theory.[72–75]  Solvation corrections were performed 
on gas-phase geometries using a PBF implicit solvent model for CHCl3. The population of the structures was 
calculated according to the Boltzman distribution. The transitions state was located using the transition state 
search module of Jaguar using both conformers (syn and anti) as reference points for a search along the lowest 
hessian eigenvector at the B3-LYP-D3/6-31G** level of theory in CHCl3. The results are listed in Table 2.3. 

Table 2.3: Results from the DFT calculations. 

 

Solution Phase Energy (au) Relative Energy (kJ/mol) Population (%) 

Syn-Conformer –1450.263470 2.9 23 

Anti-Conformer –1450.264596 0.0 77 

Transition State –1450.226296 100.4 - 
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Chapter 3 

 

 

Helicity control in the aggregation of achiral squaraine dyes in 

solution and thin films 

 

Abstract: 

The chiroptical properties of chiral and achiral squaraine dyes that comprise either N,N-

dimethylamino or hydroxy substituents in the para positions to the quadratic core are 

investigated in detail. The p-N,N-dimethylamino-based dyes exhibit an intense green color 

in the molecularly dissolved state, which changes to violet upon protonation. In contrast, a 

sky-blue color is observed for the molecularly dissolved hydroxy-substituted dyes. This color 

is altered to red upon single deprotonation and again to blue upon double deprotonation. 

A spectroscopic study shows that the p-N,N-dimethylamino substituted squaraine dyes 

form aggregates in aqueous solution. Co-assembly experiments of chiral and achiral dyes 

indicate self-sorting of the two compounds. When the mixtures are prepared in the good 

solvent chloroform and spin-coated on glass substrates, thin films containing co-assembled 

aggregates are formed. Intriguingly, the circular dichroism (CD) of the co-assembled 

materials reaches its maximum when the fraction of the chiral dye is just 25%. The 

spectroscopic study shows that at this ratio, the chiral dye does not form its native 

aggregate structure but acts as a chiral dopant which directs the aggregation of the achiral 

dye into helical columns with preferred helicity. Since the electrochemical oxidation and 

reduction of the p-N,N-dimethylamino substituted squaraine dyes is fully reversible, their 

application potential in organic electronic devices is investigated. Magnetic-conductive 

atomic force microscopy shows that co-assembled thin films can be used as organic non-

magnetic electron spin filters. The measured spin polarization of the transmitted electrons 

correlates with the optical properties of material. The highest spin-selective electron 

transport is measured for the material that contains only 25% chiral dye. 

 

 

Part of his work has been published: 

A.T. Rösch, Q. Zhu, J. Robben, F. Tassinari, S.C.J. Meskers, R. Naaman, A.R.A. Palmans, and 

E.W. Meijer, Chem. Eur. J. 2021, 27, 298. 
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3.1 Introduction 

The high absorption of light in the visible and near-infrared regime that is displayed by 

squaraine dyes has intrigued many research groups in the last decades.[1–7] The high 

absorptivity with molar extinction coefficients of 105 L mol-1 cm-1 or higher stems from the 

S0-S1 transition in the dyes’ conjugated π-system.[8] Most of the studies on squaraine dyes 

that have been reported so far were focused on the optical properties and applications of 

achiral derivatives.[2,8] In contrast, research on chiral squaraine dyes is only at the 

beginning.[9–13] The reported studies investigated the fundamentals of the formation of CD 

active superstructures.[11,12,14–16] Whereas a few articles already suggested an application in 

organic photodiodes for the detection of circularly polarized light,[10,13,17] other types of 

applications such as organic spintronics[18] remain yet to be explored. 

3.1.1 Mesomerism and pH dependent optical properties 

The molecular structure of squaraine dyes is typically represented as resonance-

stabilized zwitterion as depicted for squaraine dye 1 in Scheme 3.1.[2,8] The mesomeric form 

in which both oxygen atoms are charged (Scheme 3.1 III) is formally attractive since it is in 

agreement with the aromatic system following Hückel’s rule (N = 0). The similarity of the 

absorption spectra of squaraine dyes and cyanine dyes[19] and their commonly low solubility 

in organic solvents suggest, however, that dipolar structures (Scheme 3.1 I and II) are the 

major resonance forms.[20] Theoretical calculations suggest that both the ground and the 

excited singlet state of squaraine dyes involve significant intramolecular charge transfer 

(ICT). As a result, the S0-S1 electronic transition is also considered as an ICT transition.[8] 

 

Scheme 3.1: I and II: Major mesomeric forms of the para-N,N-dimethylamino substituted 
squaraine dye 1. III: Minor mesomeric form following Hückel’s rule. Image adapted with 
permission from reference [8] (copyright 2016 Nature Publishing Group). 

A study on the phloroglucinol derived squaraine dye 2 by Griffiths and Mama showed 

that the stabilization of the partial charge can result in pronounced pH-dependent optical 

properties of dye.[21] Owing to the stabilization of the partial charge, the hydroxy groups in 

para-position to the quadratic core are highly acidic. 2 was reported to react with small 

amounts of water present in organic solvents and could be deprotonated multiple times 

when KOH in ethanol was added (Scheme 3.2). Each deprotonation step could be monitored 
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by absorption spectroscopy since the removal of each proton affected the optical 

properties.[21,22] 

 

Scheme 3.2: Dissociation reactions of the phloroglucinol derived squaraine dye 2. Image 
adapted with permission from reference [21] (copyright 2000 Elsevier). 

3.1.2 Formation of H- and J-type aggregates 

Besides the reports on the optical properties of squaraine dyes in the molecularly 

dissolved state,[2] many research groups investigated the dyes’ pronounced tendency to 

form H- and J-type aggregates in solution.[15,23–29] A study by Buncel et al.[27] described the 

solvent-controlled aggregation of a squaraine dye in dimethyl sulfoxide (DMSO)/water 

mixtures. Whereas the dye was molecularly dissolved in pure DMSO, a water content of 

more than 50 vol% induced the formation of H-type aggregates. Mixtures with an even 

higher water content (50-80 vol%), showed the formation of J-type aggregates. 

Interestingly, these J-type aggregates were converted into H-type aggregates after an 

equilibration period.[27] The conversion of the aggregates was assigned to the J-type 

aggregate being formed under kinetic control and the H-type aggregates being the 

thermodynamically more stable form. The reported system is one of the very early 

examples of pathway complexity in supramolecular chemistry.[30–32]  

In addition to the aggregation studies in solution,[15,23–29] the aggregation of squaraine 

dyes was also studied in thin films[11,12] and at multiple interfaces.[16,33–35] A study by Law 

and Chen[35] investigated the aggregation of octadecyl-appended squaraine dyes in 

Langmuir-Blodgett films at the water/air interface. A spectroscopic study showed that the 

formed type of aggregates depended on the relative positions of the two octadecyl chains 

attached to the squaraine dye. When the hydrophobic side chains were attached to only 

one side of the squaraine dye (Figure 3.1a), a blue-shift of the wavelength of maximum 

absorption was noticed upon aggregation. The blue-shift was assigned to the formation of 

H-type aggregates stemming from the perpendicular orientation of the squaraine cores to 

the interface. The stabilization of the H-types aggregates formed by 3 was assigned to the 

formation of C-O dipole-dipole interactions. When the octadecyl chains were positioned on 

opposite sides of the dye (Figure 3.1b), a red-shift of the wavelength of maximum 
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absorption was noticed after aggregation. The red-shift was indicative of the formation of 

J-type aggregates that stemmed from the parallel orientation of the squaraine cores to the 

interface. This type of aggregation was suggested to exhibit intermolecular CT interactions 

between D and A groups of neighboring 4. Interestingly, the J-type aggregates formed by 4 

were thermodynamically unstable after the transferal from the water/air interface to a glass 

surface and were converted into H-type aggregates after an equilibration period.[35] 

 

Figure 3.1: H- (a) and J-type (b) aggregates formed by squaraine dyes 3 and 4 at the 
water/air interface. Image adapted with permission from reference [35] (copyright 1989 
American Chemical Society). 

3.1.3 Emission of fluorescence in the molecularly dissolved and aggregated state 

Owing to their D-π-A-π-D architecture, squaraine dyes have been reported to exhibit 

(fluoro-)solvatochromism[36–40] and the emission of dual fluorescence[36,41] in the 

molecularly dissolved state. After aggregation, either aggregation-caused quenching (ACQ) 

or aggregation-induced emission (AIE) of fluorescence is observed. Since ACQ occurs when 

the planar squaraine cores aggregate into π-stacked architectures, this phenomenon has 

been observed for the majority of squaraine dyes and enabled applications as fluorescent 

probes for microscopy imaging of biological samples.[42,43] In contrast, AIE is realized when 

π-stacking is prevented.[36,38] A molecular design that prevents the formation of π-stacked 

architectures has been proposed by Yu et al.[36] The study used X-ray crystallography to 

show that the bulky 3,5-dimethylpiperidine moieties attached to the quadratic core 

prevented π-stacking in the aggregates of squaraine dyes 5 and 6 (Figure 3.2). Instead, the 

aggregated structures exhibited C-H∙∙∙O and C-H∙∙∙π interactions.[36] Furthermore, 

fluorescence quenching in squaraine dyes has been induced by chemical reactions, too.[38,44] 

For example, squaraine dye 7 was used as a chemical sensor for the detection of cyanide 

ions in aqueous solution. The corresponding detection limit was 1.7 µM.[38]  
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Figure 3.2: Molecular structures of 3,5-dimethylpiperidine substituted squaraine dyes 5 and 
6 that exhibit AIE as reported by Yu et al.[36] and triethylene glycol monomethyl ether 
substituted squaraine dye 7 reported by Liu et al.[38] 

3.1.4 Chiral squaraine dyes 

One of the first studies that investigated the formation of chiral supramolecular 

assemblies of squaraine dyes in detail focused on the aggregation of a cholesterol-

appended derivative in solution and in thin films.[11] The study showed that the dye 

aggregated in helical columns with preferred handedness. Interestingly, the type of 

preferred handedness depended on the preparation technique of the sample. Similar to the 

findings by Buncel et al.[27] the formation of a kinetic product was observed when an aliquot 

of molecularly dissolved dye was added to a solution with a high volume fraction of poor 

solvent. Thermodynamically stable aggregates were prepared when only a small volume 

fraction of poor solvent was used, or a heating and cooling cycle was performed. The 

spectroscopic study on the thin films prepared from the solutions showed that only the 

thermodynamically stable aggregate retained its optical properties in the solvent-free state. 

Drop-casting the solutions that contained kinetically formed aggregates or the molecularly 

dissolved dye resulted in the formation of aggregates with optical properties that differed 

from the optical properties of the two helical aggregates from the solution experiments 

which indicated the complexity of the aggregation pathways. Stoll et al.[16] introduced 

chirality into a squaraine dye by the implementation of enantiopure alkylated prolines 

(compound 8 in Figure 3.3) and reported the formation of CD active aggregates in solution. 

Schiek and coworkers prepared homologues of the dye and showed that the derivative with 

longer terminal alkyl chains (compound 9 in Figure 3.3) could be used to prepare thin films 

with the hitherto highest intrinsic circular dichroism measured for an organic material.[12] 

Additionally, a derivative with shorter alkyl chains (compound 10 in Figure 3.3) was 

successfully used to prepare organic photodiodes for the detection of circularly polarized 

light.[13,17] 
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Figure 3.3: Prolinol-appended chiral squaraine dyes. Compound 8 has been reported by Stoll 
et al.[16] and compounds 9 and 10 by Schulz et al.[12,13,17] 

In Chapter 2, we discussed the preparation and molecular characterization of the 
squaraine dyes depicted in Figure 3.4. In this chapter, we continue our study with an 
investigation of the chiroptical properties, the aggregation behavior and test the usability 
of the compounds in two different (opto-)electronic applications. We note that the 
compounds exhibited rotational isomerism in the molecularly dissolved state which can 
potentially influence both the aggregation and the emerging material properties. Literature 
reports on the crystal structures of various squaraine dyes indicated that squaraine dyes 
that contain two oxo-substituents at the quadratic core crystallized exclusively in the anti-
form.[45,46] Since we were unfortunately not able to grow crystals for a structural analysis 
and did not investigate the role of the rotational isomerism in the assembly studies. We 
assumed, however, that the aggregates will be formed from the thermodynamically most 
stable isomer. For clarity, we limited the display of the chemical structures of the dyes in 
this chapter to the anti-forms. 

Initially, we investigated the absorption and fluorescence of the compounds in the 
molecularly dissolved state and found that their optical properties could be tuned by the 
addition of acids and bases. Owing to their better solubility and good chemical stability, we 
limited the presented results of the aggregation study to the chiral and achiral para-N,N-
dimethylamino based S-SQ-1 and a-SQ-1. In aqueous solution, S-SQ-1 formed J-type 
aggregates and a-SQ-1 formed H-type aggregates. A spectroscopic study revealed that 
mixtures of chiral and achiral dye preferred the formation of self-sorted aggregates after 
equilibration. When concentrated mixtures of the dyes were spin-coated from chloroform 
solution, a kinetically controlled aggregation process induced the formation of co-
assembled J-type aggregates. Intriguingly, the co-assembled material with the highest CD 
effect was obtained for a feed ratio of a 1:3 mixture of chiral and achiral dye when chiral S-
SQ-1 was used exclusively. We used cyclic voltammetry to demonstrate that both 
electrochemical oxidation and reduction of the p-N,N-dimethylamino substituted dyes were 
chemically fully reversible. With fulfilling this pivotal requirement for the usage in electronic 
devices, we moved on to testing the materials in optoelectronic applications. We showed 
that the compounds act as non-magnetic spin-filters. The highest spin-selectivity of the 
transmitted electrons was achieved in the material based on the 1:3 mixture of chiral and 
achiral dye which gave insight into the correlations between the presence of stereogenic 
centers, optical activity and spin-filtering properties of a material. 
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Figure 3.4: Molecular structures of p-N,N-methylamino substituted squaraine dyes a-SQ-1, 
S-SQ-1, Si7-SQ-Si7, Si11-SQ-Si11 and Si15-SQ-Si15 as well as the p-hydroxy substituted 
squaraine dyes a-SQ-2 and S-SQ-2.  

3.2 Photophysical properties in the molecularly dissolved state 

We started our study with the investigation on the optical properties of our compounds 

in the molecularly dissolved state. Figure 3.5a shows the molar extinction coefficients ε of 

a-SQ-1 and S-SQ-1 as function of the wavelength in tetrahydrofuran (THF) solution. The dyes 

showed a sharp maximum of ε around 670 nm and a weak shoulder at 620 nm. The molar 

extinction coefficients ε determined at λmax are 3.3⋅105 for a-SQ-1 and 3.2⋅105 L mol-1 cm-1 

for S-SQ-1. The absorption spectra of the p-hydroxy-substituted squaraine dyes a-SQ-2 and 

S-SQ-2 are depicted in Figure 3.5b. For these dyes, the wavelength of maximum absorption 

λmax was 606 nm. In contrast to a-SQ-1 and S-SQ-1, the shoulder at shorter wavelengths was 

barely noticed. Solutions of the oligo(dimethylsiloxanes) (oDMS) appended squaraine dyes 

Si7-SQ-Si7, Si11-SQ-Si11 and Si15-SQ-Si15 showed identical optical properties as a-SQ-1 

and S-SQ-1 (Figure 3.5c). Fluorescence spectroscopy indicated that only the p-N,N-

dimethylamino substituted squaraine dyes were fluorescent in the molecularly dissolved 

state. The emission spectra recorded for the THF solutions represented mirror images of 

the absorption spectra and the corresponding Stokes shifts were 15 nm (dashed lines in 

Figure 3.5c). 

The recorded absorption spectra were consistent with literature reports on structurally 

related squaraine dyes in the molecularly dissolved state.[2,11,34] The small shoulder in the 

absorption spectra of a-SQ-1 and S-SQ-1 was assigned to the vibronic progression of the 

absorption band. The high ε in combination with the narrow absorption bandwidths and 
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the low intensity of the vibronic progression indicated a weak vibronic coupling for the 

electronic S0-S1 transition along the long molecular axis of the squaraine backbone.[28] Weak 

vibronic coupling is commonly caused by a low configurational displacement between the 

initial and the final state of an electronic transition. A theory for quantifying the vibrational 

progressions in the absorption spectrum has been developed by Huang and Rhys.[47] The 

theory introduces the Huang-Rhys parameter S as the ratio of the transitions 𝐼0−1 and 𝐼0−0. 

Our calculations (given in the experimental part) showed that S was 0.16 for both 

compounds, which corroborated that the vibronic coupling was weak.[48] The lack of the 

𝐼0−1 band in the spectra of a-SQ-2 and S-SQ-2 suggested an even weaker vibronic coupling 

for the squaraine dyes with the p-hydroxy-substituent. The weaker vibronic coupling was 

ascribed to the formation of additional intramolecular hydrogen bonds between the 

hydroxy groups in ortho-position to the quadratic core and the oxygen atoms attached to 

the quadratic core which were suggested to stiffen the molecular backbone. The absorption 

spectra indicated that ε determined at λmax of the dyes was 1.6⋅105 L mol-1 cm-1 for a-SQ-2 

and 1.5⋅105 L mol-1 cm-1 for S-SQ-2. When comparing the spectroscopic data of the two sets 

of dyes, distinct differences were noticed. For a-SQ-2 and S-SQ-2 both the wavelength of 

maximum absorption and ε were lower than for a-SQ-1 and S-SQ-1. The decrease of the 

values suggested the less pronounced intramolecular charge transfer in the p-hydroxy-

substituted derivatives with respect to the p-N,N-methylamino substituted dyes. 
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Figure 3.5: Molar extinction coefficients ε (solid lines) of (a) a-SQ-1 and S-SQ-1 as well as (b) 
a-SQ-2 and S-SQ-2. Fluorescence (dashed lines in c) was measured for all p-N,N-
dimethylamino substituted dyes (λex = 640 nm). All spectra were recorded in dry 
tetrahydrofuran. The concentrations were 2.6⋅10-6 mol L-1 for a-SQ-1, S-SQ-1 and the 
siloxane appended squaraine dyes as well as 1.3⋅10-5 mol L-1 for a-SQ-2 and S-SQ-2. Optical 
path length: 10 mm. 

In Chapter 2, we used FT-IR spectroscopy to show that the p-N,N-dimethylamino-based 

dyes formed intramolecular hydrogen bonds. We wondered whether the dyes could form 

hydrogen bonds to solvent molecules, too. Since the absence of positive or negative 

solvatochromism (e.g. the absence of a linear correlation of λmax and the solvent polarity) is 

a common indicator for the formation of hydrogen bonds between solute and solvent,[49] 

we investigated the optical properties of the dyes in a range of solvents (acetonitrile (ACN), 

chloroform (CHCl3), heptane (C7H16), and methanol (MeOH)), which differ in polarity. The 

normalized absorption and fluorescence spectra that were recorded during the 

experiments for S-SQ-1 are depicted in Figure 3.6a. When 1/λmax was plotted as a function 

of the solvent’s ET(30) value, Figure 3.6b was obtained. The graph showed that the data are 

scattered and hardly any linear solvatochromism was observed. The absence of the linear 

correlation between 1/λmax and the solvent’s polarity suggested that additional solute-

solvent interactions, such as hydrogen bond formation were present.[49] We note that S-SQ-

1 showed similar fluorescence spectra in most tested solvents, too. Interestingly, the 
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spectrum recorded in heptane showed a small shoulder at shorter wavelengths. The 

development of such a shoulder in the fluorescence spectrum recorded in apolar solvent 

has also been mentioned in a literature report on squaraine dyes.[36] In the report, the 

shoulder has been ascribed to two different photophysical process that may occur upon 

photoexcitation and could potentially be related to LE and ICT state.[36] 

 

Figure 3.6: (a) Absorption and emission spectra recorded for S-SQ-1 in various solvents. (b) 
Variation of 1/λmax with increasing solvent polarity (as expressed by the ET(30) value). 
Concentration: 2.6⋅10-6 mol L-1. Optical path length: 10 mm. 

During the investigation of the optical properties of a-SQ-2 and S-SQ-2 in various 

solvents, we found a strong impact of the solvent on the absorption spectrum (Figure 3.7). 

Whereas the absorption band indicative of the molecular dissolved species was clearly 

observed in dry THF and dry chloroform, the formation of a very broad absorption band was 

observed in heptane. Additionally, blue-shifted absorption bands around 500 nm were 

found in acetonitrile, methanol and dry N,N-dimethylformamide. The formation of the 

broad absorption band in heptane was assigned to the formation of aggregates. 

Interestingly, the formation of the blue-shifted absorption bands was only noticed in 

solvents that where not water-free or in N,N-dimethylformamide which is a base. Owing to 

the structural similarity of a-SQ-2 and S-SQ-2 to the phloroglucinol based squaraine dye 

whose pH dependent optical properties[21,22] were presented in the introduction, we 

concluded that the observed spectral changes stemmed from the dissociation of the 

hydroxy groups in para-position to the quadratic core when water or bases were present. 

Stimulated by this finding, we were interested in investigating the pH-dependent 

properties of both sets of squaraine dyes in detail. Since the type of side chain had a 

negligible effect on the absorbance or fluorescence of the dyes in molecularly dissolved 

state, we limit the presented results to the achiral dyes a-SQ-1 and a-SQ-2.  
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Figure 3.7: Absorption spectra recorded for S-SQ-2 in various solvents. Concentration: 
1.3⋅10-5 mol L-1. Optical path length: 10 mm. 

As depicted in Figure 3.8a, the green solution of a-SQ-1 in THF changed its color to violet 

upon the addition of trifluoroacetic acid (TFA). The color change was accompanied by the 

formation of new absorption bands around 540 and 570 nm. The band at 570 nm was 

assigned to the molecularly dissolved and protonated form of a-SQ-1. The band at 540 nm 

was assigned to a corresponding vibronic progression. In contrast to the neutral form, the 

protonated form did not exhibit fluorescence. We found that the acid-base reaction was 

reversible and showed a distinct equilibrium character. The absorption bands of 

unprotonated a-SQ-1 were still noticed at TFA concentrations that were four orders of 

magnitude higher than the concentration of a-SQ-1. The low basicity of the compound was 

assigned to the electronic configuration that results in the positive partial charge on the 

substituents in para-position to the quadratic core. 

As depicted in Figure 3.8b, the blue color of a solution of molecularly dissolved a-SQ-2 

was changed to red after the addition of one droplet of triethylamine (TEA). The 

corresponding absorption spectrum revealed a blue shift of λmax to 500 nm. In accordance 

with literature reports, we assigned the spectral changes to the single deprotonation of the 

dye.[21,22] After the addition of KOH in ethanol, the color of the solution was changed again 

to blue. The corresponding absorption spectrum showed spectral broadening, that λmax was 

moved to 610 nm and that the formed species emitted fluorescence (excitation at 620 nm). 

The spectral changes that were in accordance with literature reports on the phloroglucinol 

derived squaraine dye indicated that the addition of KOH induced the formation of a double 

deprotonated species.[21,22] 
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Figure 3.8: Photophysical properties recorded for molecularly dissolved solutions of a-SQ-1 
and a-SQ-2 in dry THF. (a) The amine group of SQ-1 was protonated by the addition of TFA 
(0.09 M). (b) The hydroxyl group of addition of a-SQ-2 was deprotonated by the addition of 
a droplet of TEA. A second hydroxy group was deprotonated by the addition of a saturated 
solution of KOH in ethanol. Doubly deprotonated a-SQ-2 exhibited fluorescence. 
Concentrations: a-SQ-1: 2.6∙10-6 M, a-SQ-2: 1.3∙10-5 M. Optical path length: 10 mm. The 
insets show the color of the samples after increasing the concentration of the dyes. Violet: 
solution of a-SQ-1 after the addition of TFA, green: solution of a-SQ-1 in THF, red: solution 
of a-SQ-2 in THF after the addition of TEA, blue: solution of a-SQ-2 in before and after the 
addition KOH in ethanol solution.  

The geometries of the uncharged dyes in the ground and the first excited state were 

very similar to each other which was indicated by the narrow absorption bandwidths and 

λmax noticed at long wavelengths. The stabilization of the single charge resulted in 

electronically unsymmetrical structures. These species had to adjust their geometries 

during photoexcitation which required additional energy as noticed by blue shift of their 

λmax. Additionally, these increased configurational displacements during photoexcitation 

resulted in the increased vibronic progressions noticed as spectral broadening.[21] After 

characterizing the optical properties of all dyes in the molecularly dissolved state we 

continued our study with investigating the aggregation behavior of the dyes in solution. 
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3.3 Formation of CD active aggregates of a-SQ-1 and S-SQ-1 in aqueous solution 

Having characterized the optical properties of the dyes in the molecularly dissolved 

state, we continued our study with the investigation of the aggregation in solution. We 

focussed on the optical properties of aqueous solutions containing the p-N,N-

dimethylamino substituted dyes a-SQ-1 and S-SQ-1 since these dyes exhibited a higher 

solubility and better chemical stability than a-SQ-2 and S-SQ-2 (see 2.2.6 for the chemical 

instability of p-hydroxy substituted squaraine dyes a-SQ-2 and S-SQ-2). 

We added concentrated aliquots of a-SQ-1 and S-SQ-1 in THF to water. Upon the 

addition, an immediate color change from green to blue was observed which suggested that 

the aqueous solution containing 1 vol% THF induced the formation of aggregates. UV/Vis 

spectroscopy of the prepared samples indicated pronounced spectral broadening (black 

lines in Figure 3.9a and b). Noticing the absorption band of the molecularly dissolved species 

only as a small shoulder corroborated the conversion to aggregates. The absorption 

spectrum of aggregated a-SQ-1 (Figure 3.9a) showed one absorption maximum around 590 

nm with a broad shoulder at longer wavelengths. λmax was blue-shifted (H-band) with 

respect to the absorption band of the molecularly dissolved species (670 nm). S-SQ-1 in turn 

showed the formation of a very broad absorption band with λmax around 800 nm, which was 

indicative of the formation of a J-type aggregate (Figure 3.9b). CD spectroscopy indicated 

that the aggregates that were formed by S-SQ-1 exhibited circular dichroism whereas 

aggregates formed by a-SQ-1 did not, as expected (Figure 3.9c). Since no CD effect was 

observed for the molecularly dissolved neutral or charged forms, and the sample did not 

exhibit linear dichroism (LD), it was concluded that the CD effect stemmed from 

supramolecular interactions.[50–52] The helical structure of the aggregates of S-SQ-1 was 

indicated by the absorption band around 820 nm, which displayed a strong bisignate Cotton 

effect in the CD spectrum. We note that the aggregates were non-fluorescent. Aggregation-

induced fluorescence quenching is well-known for squaraine dyes and typically occurs when 

the chromophores form a π-stacked architecture in the aggregates.[36,53] 

Since literature reports on the formation of supramolecular aggregates often mention 

kinetic traps in the aggregation process,[54,55] we assessed whether kinetic traps were 

present in our system as well. We equilibrated the samples by heating and stirring at 90 °C 

for 30 min, followed by sonication and slow cooling to room temperature before a second 

investigation by absorption and CD spectroscopy. The absorption spectra depicted as red 

lines in Figure 3.9a show that the H-type aggregates formed by a-SQ-1 were retained after 

equilibration and only the shoulder at longer wavelengths was slightly decreased in 

intensity. The absorption spectrum of aggregated S-SQ-1 was barely affected by 

equilibration (red line in Figure 3.9b). However, the CD spectra recorded for S-SQ-1 before 

and after equilibration showed distinct differences. After the equilibration, the CD spectrum 

was mirrored at the x-axis with respect to the initial spectrum (Figure 3.9c). The mirror 

symmetry of both CD spectra and the similarity of the absorption spectra suggested that 

the structural changes that occurred during equilibration were relatable to the inversion of 
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helicity. A similar inversion of helicity has been reported for squaraine dyes by Jyothish et 

al.[11] who found that one type of helicity was formed under kinetic and the other under 

thermodynamic control. 

We further investigated the temperature of the helix inversion by a temperature-

dependent CD experiment. The ellipticity of a freshly prepared sample was recorded 

continuously at the wavelength of 875 nm during a heating cycle (blue line in Figure 3.9d). 

As soon as the temperature was increased above 50 °C, an increase of the ellipticity signal 

to positive values was observed. This process was not abrupt but happened over the 

temperature range from 50 °C to 60 °C (scanning rate: 10 °C/min). When the temperature 

was increased close to the boiling point of water, the sample was still CD active suggesting 

a high stability of the aggregates.  

 

Figure 3.9: Photophysical properties of the aggregates of (a) a-SQ-1 and (b,c) S-SQ-1 
measured directly after preparation and again after equilibration following the protocol; 
Concentration: 1.3⋅10-5 mol L-1; Solvent: H2O containing 1 vol% THF. (a,b) UV/Vis spectra; (c) 
CD spectra; (d) Variation of the ellipticity at 875 nm while heating to 90 °C (heating rate: 10 
°C/min). Blue line: Variation of the ellipticity during heating the as-prepared solution. Green 
line: Variation of the ellipticity for the sample which contained a 1:1 mixture of an as 
prepared solution and an equilibrated solution. Optical path length: 10 mm. 
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In a second temperature-dependent experiment, we investigated whether 

thermodynamically stable aggregates could act as nuclei to facilitated the conversion of the 

kinetically formed aggregates. The corresponding sample was prepared by mixing the 

aqueous solution containing the kinetically formed aggregates (concentration: 1.3⋅10-5 mol 

L-1) to an equal volume of the aqueous solution containing the thermodynamically stable 

aggregates (concentration: 1.3⋅10-5 mol L-1). During the experiment, the mixed solution was 

heated up to 90 °C while recording the ellipticity continuously at the wavelength of 875 nm 

(green line in Figure 3.9d). Similar to the previous experiment, the helix inversion occurred 

between 50 and 60 °C. Since the presence of thermodynamically stable aggregates did not 

affect the temperature at which helix inversion was observed, we concluded that the 

thermodynamically stable aggregates were not able to nucleate the conversion of 

kinetically trapped species on the experimental time scale. 

Having investigated the aggregation behavior of the individual dyes, we continued our 

study with the investigation of the aggregation of samples containing mixtures of a-SQ-1 

and S-SQ-1. In order to ensure the reproducibility of the experiments, the investigated 

samples were equilibrated following the above-mentioned equilibration protocol. When 

the feed of the dyes was tuned from a-SQ-1 to S-SQ-1, the gradual increase of the J-band 

was noticed which was most pronounced for pure S-SQ-1 (Figure 3.10a). Additionally, the 

CD effect determined at 868 nm increased predominantly in a linear fashion (Figure 3.10b 

and c). This correlation suggested that the aggregates formed by a-SQ-1 and S-SQ-1 in water 

were either barely mixing or the ability of S-SQ-1 to bias one helical sense was low. 
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Figure 3.10 Photophysical properties of the aggregates of a-SQ-1 and S-SQ-1 and mixtures 
thereof, recorded at a total concentration of 1.3⋅10-5 mol L-1 in H2O containing 1 vol% THF. 
(a) UV/Vis spectra; (b) CD spectra; (c) Ellipticity measured at 868 nm. Optical path length: 
10 mm. 

3.4 Formation of CD active aggregates of a-SQ-1 and S-SQ-1 in thin film 

We continued our study by investigating the chiroptical properties of a-SQ-1 and S-SQ-

1 in thin film. Thin films with thicknesses of approximately 40 nm were prepared by spin-

coating a solution of a-SQ-1 or S-SQ-1 in chloroform onto microscope glass slides. At first, 

the thin films were characterized by UV/Vis spectroscopy. The spectra depicted in Figure 

3.11a showed noticeable differences from those previously recorded in solutions. Both dyes 

showed broad absorption bands with λmax being red-shifted with respect to the absorption 

band of the molecularly dissolved species. For a-SQ-1, λmax was found at 790 nm and for S-

SQ-1 at 834 nm. Additionally, the absorption spectra of both compounds exhibited a 

shoulder at 620 nm which was in turn blue-shifted with respect to the absorption band of 

the molecularly dissolved species. Since the shapes of the absorption spectra of a-SQ-1 and 

S-SQ-1 were rather similar, a structurally related packing of the chromophores in the 

aggregated thin films was likely which motivated us to probed for the formation of co-
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assembled aggregates by spin-coating mixtures of a-SQ-1 and S-SQ-1. As shown in Figure 

3.11a, all UV/Vis spectra recorded for the thin films that contained 5-50% S-SQ-1 looked 

very similar to the spectrum that was recorded for pure a-SQ-1. λmax was retained at 790 

nm. Increasing the content of S-SQ-1 to 75% in the mixture resulted in a red shift of λmax to 

799 nm which was still somewhat lower than λmax previously recorded for pure S-SQ-1 (834 

nm). 

Next, CD spectroscopy was used to investigate the chiroptical properties of the thin films 

(Figure 3.11b). Obviously, the thin film consisting of pure a-SQ-1, did not show any CD 

effect. In contrast, thin films which contained a mixture of a-SQ-1 and S-SQ-1 or pure S-SQ-

1 showed clear Cotton effects in the CD spectrum. LD had no contribution to the CD spectra 

(vide infra). As noticed in Figure 3.11c, the measured CD effect increased strongly when 5-

25% S-SQ-1 was added to the feed. The highest CD effect was measured for the thin film 

prepared from the 3:1 mixture of a-SQ-1 and S-SQ-1. When the amount of S-SQ-1 was 

increased further, the ellipticity decreased. We note that the CD spectra that were 

measured when S-SQ-1 became the main fraction in the thin film (75% and 100% S-SQ-1 in 

the feed) did not only exhibit a reduced maximum ellipticity but had a different shape, too. 

This observation was in sharp contrast to the results obtained in the aqueous solutions, 

where the spectra recorded for mixtures of a-SQ-1 and S-SQ-1 resembled linear 

combinations of the spectra of the individual parts. Since the addition of less than 25% of 

S-SQ-1 to the feed induced optical activity but did not impact the absorption spectra of the 

materials, we concluded that in this regime, S-SQ-1 was incorporated structurally into the 

helical aggregates formed by a-SQ-1. As a result of the structural incorporation, the 

stereogenic centers of S-SQ-1 induced aggregation with preferred helicity. In helical 

supramolecular systems formed in solution, this effect has commonly been referred to as 

the “sergeants-and-soldiers” effect.[56] Whereas the “sergeants-and-soldiers” effect in 

supramolecular systems that are formed in solution is typically operative for most mixing 

ratios between achiral and chiral compounds,[57,58] it was only observed for a rather small 

range for our co-assembled thin films. Decreasing the CD effect by increasing the amount 

of S-SQ-1 above 25% suggested a less effective packing of S-SQ-1 in the helical columns 

formed by a-SQ-1 which induced changes in the absorption spectra once S-SQ-1 became 

the major fraction in the feed. The observed trend is fascinating since it shows that the 

maximization of the amount of stereogenic centers in the aggregates – by increasing the 

amount of S-SQ-1 in the feed – does not yield the thin films with the highest CD effect. The 

highest CD effect was achieved when S-SQ-1 is solely used as a director for a-SQ-1, rather 

than a structural component.  
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Figure 3.11: Photophysical properties of thin films that were prepared by spin-coating 
chloroform solutions of a-SQ-1, S-SQ-1 and mixtures thereof. (a) UV/Vis spectra; (b) CD 
spectra; dotted lines: spectra recorded for the samples with feed ratios of 5, 10, 15, 20 and 
30% S-SQ-1. (c) Variation of the ellipticity determined at 790 nm for samples with an 
increasing content of S-SQ-1. All thin films had a thickness of approximately 40 nm. 

In order to elucidate whether the measured ellipticity was caused by purely excitonic 

coupling or also stemmed from other effects such as cholesteric ordering, thin films with 

different thicknesses were prepared by spin-coating. The spin-coating parameters to obtain 

thin films with thicknesses ranging from 11 to 81 nm are shown in Table 3.1. The absorption 

and CD spectra recorded for all spin-coated thin films are shown in Figure 3.12a and b. All 

spectra except the spectra that were recorded for the 81 nm thick film looked very similar. 

Macroscopically, the 81 nm thick film differed from the others since it was not as smooth 

as the other. Partial dewetting suggested that 80 nm was the upper limit for the films’ 

thickness that we could achieve with spin-coating our squaraine dye mixtures. As depicted 

in in Figure 3.12c, the ratio of the measured ellipticity and the film’s thickness was relatively 

constant for the thin film with the lowest thickness in the series (thicknesses between 11 

and 24 nm). When the film thickness was increased to 43 nm or higher, an increase of the 

ratio was noticed. In very thin films, the CD effect can only originate from the mechanism 
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operative at the nm scale, which suggested that similar to the aggregates formed in 

solution, excitonic coupling was the origin for measuring CD effect in the thin films. The 

increase of the ratio of measured ellipticity and the film’s thickness with an increasing film 

thickness suggested that the recorded CD effect also stemmed partly from other effects 

such as cholesteric ordering in bulk.[59] In all thin films, the aggregates are still very small 

since the films did not show birefringence when investigated by polarized optical 

microscopy. We also probed the presence of LD in the films with an increased thickness. For 

the 81 nm thick film, the measured LD was 0.002 when expressed as the differential 

absorbance of vertically and horizontally linear polarized light (Figure 3.12d). This value was 

compared with the ellipticity value that was obtained by CD spectroscopy in order to assess 

whether this LD signal added a substantial contribution to the ellipticity spectra of the thin 

films. For a comparison, we first converted the ellipticity value to circular differential 

absorbance of right and left circularly polarized light ∆A=AL-AR. For the 81 nm thick sample, 

the maximum value of 342 mdeg ellipticity corresponded with a differential absorbance ∆A 

of 0.01. This value is five times higher than the linear differential absorbance. Considering 

the fact that the linear birefringence is typically of limited magnitude (typically < 0.1), we 

conclude that an artificial, LD induced contribution to the circular dichroism spectrum must 

be very small even in the thicker films. 

Table 3.1: Spin-coating parameters for obtaining co-assembled film containing 75% a-SQ-1 
and 25% S-SQ-1. 

Rotation 

speed[a] [rpm] 

Concentration[b] 

[mM] 

Measured 

thickness[c] 

[nm] 

ellipticity790nm 

[mdeg] 

ellipticity790nm

/ thickness 

[mdeg/nm] 

2000 20 54 325 6.02 

2000 10 24 56 2.31 

2000 5 11 22 1.95 

1000 20 81 333 4.10 

1000 10 43 153 3.55 

1000 5 15 30 2.00 
[a] A liquid sample was deposited on top of a microscope glass slide before 45 s of rotation 
at the given rotation speed. [b] Total concentration of a mixture of 75% a-SQ-1 and 25% S-
SQ-1. [c] The surface was scratched, and the height profile was measured using a surface 
profilometer. 
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Figure 3.12: Increasing absorption (a) and ellipticity (b) when increasing the thickness of a 
co-assembled thin film containing 25% S-SQ-1 and 75% a-SQ-1. For the 81 nm thick sample, 
dewetting started to occur. (c): Variation of the ellipticity/thickness ratio with increasing film 
thickness. (d): linear dichroism as expressed as the difference in absorbance for vertically 
and horizontally polarized light AV-AH for the 11 nm and 81 nm thick samples. 

Since the previously conducted solution experiments indicated that annealing 

influenced the optical properties of the formed aggregates, a possible impact of annealing 

was also investigated for the thin films. All thin films were annealed for 10 min at 210 °C 

under nitrogen atmosphere which was well below the molecules’ decomposition 

temperature (240 °C). Subsequently, the optical properties were investigated. The 

absorption spectra which were recorded after annealing are depicted in Figure 3.13a. The 

thin films with low S-SQ-1 content (0-30%) exhibited a decrease of the former band of 

maximum absorbance around 790 nm and the rise of two new absorption bands around 

600 nm and 700 nm, respectively. For thin films with a higher S-SQ-1 content (50-100%), 

the absorption band at λmax was retained and the absorbance of the band around 600 nm 

intensified slightly. Besides changes in the UV/Vis spectra, the CD spectra recorded for all 

samples showed differences after annealing, too. As depicted in Figure 3.13b, samples with 

low S-SQ-1 content (0-30%) showed a blue-shift of the wavelength of the maximum CD 

effect. After annealing, the maximum CD effect was noticed around 690 nm (790 nm before 
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annealing). For the 50% S-SQ-1 sample, the CD effect was decreased and for the 75% and 

100% S-SQ-1 samples, the CD effect was increased. The changes in both UV/Vis and CD 

spectra upon annealing suggested that the aggregates which were formed during spin-

coating were kinetic products. Interestingly, annealing seemed to have induced the 

formation of aggregates with optical properties that were somewhat resembling the optical 

properties found for the equilibrated mixtures in aqueous solution: The thins films that 

contained a high content of a-SQ-1 showed the formation of an absorption band that was 

blue-shifted with respect to the absorption band of the molecularly dissolved dyes and 

indicative of H-type aggregates. Thins films that contained a high content of a-SQ-1 retained 

the red-shifted absorption bands indicative of J-type aggregates. An additional parallel 

between the aggregation in aqueous solution and the annealed thin films was that the 

sample with highest amount of S-SQ-1 exhibited the highest CD effect within the series. The 

LD spectra recorded after annealing indicate that LD has negligible contribution to the 

absorption properties after the structural rearrangement, still (Figure 3.14).  

 

Figure 3.13: Photophysical properties of annealed (10 min, 210°C under nitrogen 
atmosphere) thin films prepared from S-SQ-1 and a-SQ-1 and mixtures thereof. (a) UV/Vis 
spectra; (b) CD spectra; dotted lines: spectra recorded the for samples with feed ratios of 5, 
10, 15, 20 and 30% S-SQ-1. 
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Figure 3.14: Linear dichroism spectra that were measured for spin-coated thin films with an 
increasing content of S-SQ-1 in a mix of a-SQ-1 and S-SQ-1 after annealing for 10 min at 210 
°C under nitrogen atmosphere. 

3.5 Aggregation of the siloxane-appended squaraine dyes 

The study on the bulk properties of Si7-SQ-Si7, Si11-SQ-Si11 and Si15-SQ-Si15 in 

Chapter 2 indicated that all three soft materials exhibited highly ordered nanostructures. 

We measured the absorption spectra for the thins films of Si7-SQ-Si7, Si11-SQ-Si11 and 

Si15-SQ-Si15 to probe the aggregation of the squaraine motifs in the siloxane matrix. The 

absorption spectra depicted in Figure 3.15 were recorded directly after drop-casting and 

again after a heating and cooling cycle. Interestingly, the absorption spectra of the as 

prepared thin films show the formation of H-type aggregates (λmax = 562 nm) with shoulder 

to longer wavelengths similar to the aggregates formed by a-SQ-1 in water (Figure 3.15a). 

After the thin films were heated to the isotropic melt and cooled down to room 

temperature, broad absorption bands were noticed which were indicative of the formation 

of J-type aggregates similar to S-SQ-1 aggregated in water (Figure 3.15b). The formation of 

both H- and J-type aggregates by the siloxane appended squaraine dyes highlighted that 

also in siloxane matrix, the two main modes of squaraine dye aggregation could be 

achieved. H-types aggregates have been reported to be stabilized by C-O dipole-dipole 

interactions and J-type aggregates by intermolecular CT interactions between D and A 

groups.[35]  
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Figure 3.15: Optical properties of Si7-SQ-Si7, Si11-SQ-Si11 and Si15-SQ-Si15 measured after 
(a) drop-casting from chloroform solution and (b) after heating to the isotropic melt and 
cooling back to room temperature. 

The aggregation study of a-SQ-1 and S-SQ-1 showed that the spin-coating was a suitable 

technique for preparing co-assembled aggregates of the dyes in a reproducible fashion. In 

order to investigate possible consequences of chirality on optoelectronic applications, we 

continued our study by an electrochemical characterization of the dye and applied them in 

two different devices. 

3.6 Cyclic voltammetry (CV) 

Since squaraine dyes are well-known for their semiconducting properties, they have 

often been applied in organic electronic applications.[60–62] An important requirement for 

the usability of an organic molecule in an electronic device is its electrochemical stability, 

i.e. the electrochemical oxidation and reduction of the compound must be fully reversible 

and should not result in kinetically trapped species or irreversible degradation. In the 

following section, we investigate the squaraine dyes by CV, which was done in collaboration 

with Koen Hendriks at the Eindhoven University of Technology. For the experiments, three 

electrodes (graphite working electrode, platinum counter electrode and Ag/AgCl reference 

electrode) were connected to a potentiostat and immersed into a 5 mM dichloromethane 

solution of the squaraine dye (containing 200 mM tetrabutylammonium 

hexafluorophosphate as background salt to facilitate the electrochemical measurement). 

The applied voltage between working and counter electrode was referenced to the 

electrode potential of the reference electrode and varied to oxidize and reduce the 

compound electrochemically. The electron transfer processes resulted in the generation of 

electrical current that was measured by the potentiostat. 

Figure 3.16 shows the voltammogram that was obtained by CV for the solution of S-SQ-

1 in dichloromethane. For a better comparison with the literature reports, the applied 

potential was referenced to ferrocene (Fc). The plot shows that increasing the applied 
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potential above of 0.14 V vs Fc resulted in measuring current with a positive algebraic sign. 

After reaching the turning point at 0.67 V vs Fc, the applied potential was decreased which 

was accompanied by a decrease of the current that turned even negative. The minimum 

current was measured at 0.21 V. When the potential was lowered further to -1.1 V vs Fc, 

current with negative algebraic sign was noticed for the second time. After the turning point 

at -1.52 V vs Fc, the applied potential was increased. Increasing the potential resulted in 

increasing the current to positive values (maximum at -0.64 V vs Fc). After passing the 

applied potential of 0 V vs Fc, the second cycle of the CV, which looked almost identical as 

the first, was started. 

Whereas positive currents in CV indicate the formation of an oxidized species, negative 

currents indicate the formation of a reduced species. The matching shapes of the first and 

the second cycle indicated that all induced electrochemical oxidation and reduction 

processes were fully reversible. As a result, the positive current that was measured starting 

from the applied potential of 0.14 V vs Fc was ascribed to the formation of an oxidized 

species which was reduced to the neutral form when the applied potential was reduced 

below 0.35 V vs Fc (after passing the first turning point at 0.67 V vs Fc). Analogously, the 

negative current that was measured starting from the applied potential of -1.1 V vs Fc was 

ascribed to the formation of a reduced species which was oxidized back to the neutral form 

when the applied potential was increased to -0.64 V vs Fc (after passing the second turning 

point at -1.52 V vs Fc). The onsets of the oxidation and reduction peaks from the CV are 

commonly used to determine the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) of the investigated compound. In the literature, the 

values are often referenced to the electrode potential of Fc in vacuum to exclude solvent 

effects.[34] By performing the additional referencing step for data recorded for S-SQ-1, the 

HOMO was determined at -5.3 eV and the LUMO at -4.1 eV. These values are similar to 

those reported in the literature for squaraine dyes that do not contain amide groups, 

suggesting that the amide functionalization did neither cause a decreased electrochemical 

stability nor has a strong impact on the redox potential of the dyes.[34,60] 

Having shown that the oxidation and reduction of our dyes is electrochemically 

reversible, we moved on the using the compounds as organic semiconductors in organic 

electronic devices. 
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Figure 3.16: Cyclic voltammetry was performed using a 5 mM solution of S-SQ-1 in 
dichloromethane solution with 200 mM tetrabutylammonium hexafluorophosphate as 
background salt to facilitate the electrochemical measurement. The scanning rate was 0.1 
V s-1. The reference electrode for the measurement was an Ag/AgCl electrode. The applied 
potential was referenced to the half potential of Fc after adding Fc to the solution and 
repeating the measurement. 

3.7 Organic field effect transistors (OFET) 

Squaraine dyes have recently been highlighted as high-performance materials in organic 

thin-film field effect transistors, and yielded hole mobilities of 0.1 cm2 V-1 s-1.[62] Therefore, 

we explored the semiconducting properties of a-SQ-1, S-SQ-1 and mixtures thereof. The 

following organic field effect transistor (OFET) study was performed in collaboration with 

Mengmeng Li from prof. René Janssen’s group at the Eindhoven University of Technology. 

Figure 3.17 shows the transfer characteristics of a top-gate, bottom-contact OFET that was 

fabricated from S-SQ-1. The mobility extraction from transfer curves was not conducted 

since the leakage current IGS was in the range of IGS < IDS < 10 IGS. The high leakage current is 

a consequence of a rather low charge carrier mobility in the spin-coated thin film which also 

resulted in the necessity to apply the relatively high gate-source voltage of -80 V. In contrast 

to S-SQ-1, a-SQ-1 could not be used as semiconducting material in an OFET since the film 

formation on top of the Si/SiO2 substrates used for OFET fabrication was hampered by 

dewetting. Gsänger et al. reported that the mobilities of the squaraine dye based OFETs 

were greatly enhanced when vacuum-deposition was used for sample preparation instead 

of spin-coating.[62] However, as S-SQ-1 decomposes at its melting temperature of 220 °C, 

vacuum-deposition for OFET fabrication was not performed and the device performance of 

the S-SQ-1-based OFET could unfortunately not be increased. 
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Figure 3.17: Transfer characteristics of a top-gate, bottom-contact OFET of S-SQ-1. The 
organic material was deposited by spin-coating. 

3.8 Investigation of spin-filtering properties by magnetic-conductive atomic force 

microscopy 

Magnetic-conducting atomic force microscopy (mc-AFM) is an efficient method for 

studying the spin-selectivity in the electron transport through chiral structures including the 

effect of the interface between the probed material and the substrate.[63–67] The mc-AFM 

studies described in the following were performed in collaboration with Qirong Zhu and 

Francesco Tassinari from prof. Ron Naaman’s group at the Weizmann Institute of Science. 

The electrical AFM-measurement is recording the current, which is transported through a 

thin film of organic matter that is deposited on top of a gold-coated nickel surface. During 

the measurements, the sample is magnetized with its magnetization perpendicular to the 

surface. Owing to the magnetization direction of the Ni/Au substrate, the electrons that are 

injected into the organic material have a bias in their populations of electron spin 

orientations. Depending on the orientation of the magnet, either spin-up or spin-down 

orientation of the electron spin is favored. Depending on the handedness of their helicity, 

chiral, non-racemic materials favor the transmission of electrons with either spin-up or spin-

down orientation of the electron spin. As a result, a higher number of electrons is 

transmitted when the magnet is oriented in a way that the majority of the injected electrons 

has the spin alignment that is transmitted preferably. When the orientation of the magnet 

is reversed, the majority of the injected electrons has the spin alignment that is not 

transmitted preferably. The amount of transmitted electrons is hence reduced.[68,69] As a 

result, one orientation of the magnet results in a higher current than the other when 

investigating a chiral sample that is deposited on a Ni/Au substrate by mc-AFM.[70] It is 

important to note that the values are determined in the nonlinear regime which makes the 

measurement sensitive to detect the spin polarization for the electron conduction. 

The mc-AFM experiments on the squaraine dyes were performed on spin-coated thin 

films using pure a-SQ-1, pure S-SQ-1 and the 3:1 mixture thereof. The thin films were not 
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annealed. Figure 3.18 shows the results obtained from recording 100 I-V curves for both 

orientations of the magnet. The orientation of the magnet did not have an influence on the 

I-V curves that were recorded for a-SQ-1 which was ascribed to the absence of preferred 

handedness in the helical aggregates. For the sample containing purely S-SQ-1, an effect of 

the orientation of the magnet was found. The most pronounced dependency of the I-V 

curves on the orientation of the magnet was found for the 3:1 mixture of both a-SQ-1 and 

S-SQ-1. From the recorded measurements, the spin polarization SP was determined using 

𝑆𝑃 = [
𝐼𝑢𝑝−𝐼𝑑𝑜𝑤𝑛

𝐼𝑢𝑝+𝐼𝑑𝑜𝑤𝑛
] ∙ 100. The spin polarization at 3 V is 0% for a-SQ-1, 175% for S-SQ-1 and 

568% for the 3:1 mixture. Figure 3.18d shows that similar values were also found for lower 

potentials. The upper limit of 60% SP corresponds to a ratio of about four to one between 

the two spin states. For various systems, which are based on a homochiral compound, a 

similar SP has been reported.[64,69,71–76] One recent study that reported on the correlation of 

SP and optical activity of a supramolecular material investigated aggregates of chiral 

coronene bisimides. The compounds formed nanofibers in poor solvent. Depending on the 

temperature, one type of handedness was formed preferably. At 20 °C, P-type helicity was 

preferred and at -10 °C, M-helicity. mc-AFM showed that samples prepared and dried at 20 

°C or -10 °C preferred the transmission of electrons with one particular spin alignment. 

However, the direction of the spin alignment of the electrons that were transported 

preferably were opposite for the two samples. The observation was ascribed to the 

dependency of the spin-filtering properties of a material on the type of helicity in its 

aggregate structure and not its type and number of stereogenic centers.[65] The system 

presented by us corroborates these findings and indicates that not only supramolecular 

nanofibers, but also spin-coated thin films can be used as spin filters. Although the number 

of stereogenic centers is increased when comparing the S-SQ-1 sample with the 3:1 mixture 

of a-SQ-1 and S-SQ-1, a pronounced decrease in spin polarization is noticed which coincides 

with the decrease of optical activity.  
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Figure 3.18: Spin-dependent conduction through thin films consisting of (a) a-SQ-1, (b) S-SQ-
1 and (c) the 3:1 mixture thereof. The I-V plots show the averages and standard deviations 
over 100 individual measurements. For each sample, the measurements were performed 
with the Ni film magnetized with the north pole pointing up (orange) or down (blue). (d) Spin 
polarization was calculated from the results of the mc-AFM measurements.  

3.9 Conclusions 

We investigated the optical properties of two sets of novel amide functionalized 

squaraine dyes. Molecular solutions of all dyes exhibited intense colors that were tuned by 

the addition of acids or bases. The p-N,N-dimethylamino substituted squaraine dyes a-SQ-

1 and S-SQ-1 changed their color from green to violet upon protonation. Blue p-hydroxyl 

substituted squaraine dyes a-SQ-2 and S-SQ-2 changed their color to red when singly 

deprotonated and to blue when deprotonated twice. The aggregates formed by a-SQ-1 and 

S-SQ-1 in aqueous solution and in thin film were studied by optical spectroscopy. When 

mixtures of a-SQ-1 and S-SQ-1 were aggregated in aqueous solution, the CD effect increased 

predominantly linearly when increasing the amount of chiral S-SQ-1 in the feed. The linear 

increase indicated that the aggregates of a-SQ-1 and S-SQ-1 were either barely mixing or 

the ability of S-SQ-1 to bias one helical sense in the mix was low.  
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In contrast, spin-coated thin films of a-SQ-1 and S-SQ-1 resulted in co-assembled 

structures that displayed a non-linear increase of the CD effect. Surprisingly, the highest CD 

effect was measured for a thin film that contained a 3:1 mixture of a-SQ-1 and S-SQ-1. The 

similarity of the absorption spectrum of the 3:1 mixture to the absorption spectrum of pure 

a-SQ-1 indicated that co-assembled S-SQ-1 was structurally incorporated into the helical 

aggregates formed by a-SQ-1 and induced aggregation with preferred helicity. Annealing of 

the spin-coated films resulted in changes of the UV/Vis and CD spectra which suggested that 

the co-assembly during spin-coating is a kinetically controlled process.  

Cyclic voltammetry indicated that the electrochemical oxidation and reduction of the 

dyes were fully reversible. As a result, we tested the compounds for application as organic 

semiconductors to probe for a correlation between the optical activity and device 

characteristics. Whereas the results from OFETs indicated only low charge carrier mobilities, 

mc-AFM measurements showed that the highest spin polarization of transmitted electrons 

was found for the 3:1 mixture, i.e. the material with the highest CD-effect (and not the 

material containing the highest amount of stereogenic centers). Considering the emerging 

work on spintronic applications e.g. photoelectrochemical water splitting,[67,77] the system 

presented here stresses the importance of supramolecular chirality rather than the mere 

presence of stereogenic centers for achieving spin polarization during electron transport. 

3.10 Experimental Section 

3.10.1 Optical measurements 

The stock solutions which are used for the optical measurements and spin-coating were prepared by weighing the 
required amount of compound and transferring it into a screw-capped vial. The desired concentration of the stock 
solution was adjusted by the addition of the chosen solvent by using Gilson MICROMAN Positive-Displacement 
Pipets. The samples were heated and sonicated until the solids were dissolved completely and homogeneous 
solutions were obtained. In case of sensitive a-SQ-2 and S-SQ-2, stock solutions were not sonicated but thoroughly 
shaken manually. The solutions were freshly prepared on each day when the measurements were performed. The 
solutions for the subsequently conducted optical measurements were prepared by the dilution of the stock 
solutions to adjust the desired target concentration. In order to ensure the complete dissolution and equilibration 
during the experiments which were performed in aqueous solutions, the samples were heated and stirred at 90 °C 
for 20 min, followed by the slow cooling to room temperature. Spectroscopic measurements were performed in 
high precision cells made of quartz suprasil (Hellma analytics). The optical path length was 10 mm. For spin-coating, 
quadratic microscope glass slides (2 cm side length) were cleaned by sonication in acetone, demineralized water 
and isopropanol for 5 min each. 50 μL of the solution which was containing the dye were deposited on top of the 
microscope glass slide and subsequently spun (Headway Research Inc.; concentrations: 5 mM, 10 mM or 20 mM; 
spinning speed: 1000 rpm or 2000 rpm; spinning time: 45 sec). For the determination of the optical properties 
after annealing, the spin-coated samples were annealed at 210 °C for 10 min under nitrogen atmosphere. UV/Vis, 
CD and LD spectroscopy were performed on a JASCO J-815 CD spectrometer with either a JASCO Peltier MPTC-
490S temperature controller with a temperature range of 278 - 373 K or a JASCO Peltier PFD-425S/15 with a 
temperature range of 263 - 383 K. Separate UV/Vis spectra were recorded on a JASCO V-750 UV/Vis spectrometer. 
Fluorescence spectroscopy was performed on a Perkin Elmer LS 50 B luminescence spectrometer. Reflectivity and 
Muller matrix spectroscopy was performed on a W-VASE ellipsometer from J.A. Wollam. 
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3.10.2 Investigation of thin film morphology and spin-filtering properties 

Optical microscopy using crossed polarizers was performed on an optical microscope from Jenaval. Images were 
recorded using an Infinity1 camera purchased from Lumenera. AFM imaging was performed using an Asylum 
Research MFP-3D mounted on an anti-vibration stage. Silicon tips were supplied by Nanoworld (SIN 
89229F10L1333). The dimensions of the tips were: length of 150 μm, width of 27 µm and thickness of 2.8 µm. The 
spring constant was 7.4 N/m and soft tapping-mode was used to obtain an image. A resolution of 512 points and 
lines was used for the images. The images were processed using Gwyddion (v. 2.53) software. mc-AFM 
measurements were performed on 10 nm thick thin films deposited by spin-coating from a chloroform solution on 
top of a gold-coated nickel surface (Ni/Au 120/8 nm thicknesses). The AFM set-up was a custom-designed RHK 
machine capable of reaching a magnetic field of 1 T. During the AFM measurement (contact mode), the substrate 
was magnetized with the magnetic pole up or down by external magnetic field of 0.5 T. The AFM cantilevers were 
platinum-coated silicon tips supplied by Micromasch (HQ:DPE-XSC11, spring constant: 2.7 N/m). During each 
measurement, an 8-10 nN force was exerted with the tip onto the probed surface. The AFM tip is grounded while 
the potential at the Au/Ni substrate was varied from -3 to +3 V.  

3.10.3 Determination of the Huang-Rhys parameter S 

The Huang-Rhys parameter S is defined as 

 
𝐼0−0

𝐼0−1
=

1

𝑆
                                                                                                (a) 

In order to calculate S, the relative contributions of the 𝐼0−0 and the 𝐼0−1 transition to the absorption band have to 
be determined. The information was obtained by the integration of the two vibronic brands noticed in Figure 3.19. 

 

Figure 3.19: Molar extinction coefficients ε of a-SQ-1 and S-SQ-1 as well as Gaussian fit-functions for S0-0 and S0-1. 
The spectra were recorded in dry tetrahydrofuran. The concentrations were 2.6⋅10-6 mol L-1 and the optical path 
length 10 mm 

The spectra of the extinction coefficients ε of S-SQ-1 and a-SQ-1 were approximated using the software Origin 
2019 and the Levenberg Marquardt algorithm. The chosen function consisted of two Gaussians to fit the I0-0 and I0-

1 transitions. The fit-function was 

                                𝜀 =  −1200 +  618326 ∗ 𝑒−0.5∗(
𝐸−1.8505

0.03499
)

2

+  50170 ∗ 𝑒−0.5∗(
𝐸−1.98

0.07
)

2

 . 

Origin 2019 was used to plot and integrate this function. An area of 55642.9 was obtained. 

By integrating 𝜀 =  −1200 + 50170 ∗ 𝑒−0.5∗(
𝐸−1.98

0.07
)

2

, the area under the baseline and the I0-1 transition was 
1263.2. We note that this integral stems from an error of the baseline. The error is so small that it does not affect 
the values stated for 𝜀 in the corresponding subchapter. For the calculation of S the error is compensated by 
subtraction. The area under the I0-0 transition is 54379.7 and the area under the I0-1 transition band is 8803. 

After transposing equation (a), the calculated integrals were used to determine the Huang-Rhys parameter S = 
0.16. The value corroborates the weak vibronic coupling.[48] The energy difference between the S0-0 and S0-1 
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absorption bands corresponds with 1040 cm-1. A corresponding vibration is not found in the FT-IR spectrum in 
Chapter 2 due to the symmetrical character of the molecule.  

3.10.4 Cyclic voltammetry 

The dyes a-SQ-1 and S-SQ-1 were dissolved in dry dichloromethane containing 200 mM tetrabutyl ammonium 
hexafluorophosphate as the background salt to obtained 5 mM solutions of the dyes. The working electrode was 
made from graphite and the counter electrode from platinum. The reference electrode for the measurement was 
an Ag/AgCl electrode. A potentiostat / galvanostat (PGSTAT12 from AutoLab) was used for the CV measurement. 
The scanning rate was 0.1 V s-1. The determined electrode potentials were referenced to Fc in vacuum by addition 
of – 5.16 eV.[34] 

3.10.5 Organic field effect transistors 

A top-gate bottom-contact architecture was used for transistor fabrication. Au electrodes were thermally 
evaporated onto Si/SiO2 substrates as source and drain. The semiconductor layer was spin-coated from a 10 mM 
solution of S-SQ-1 in chloroform (60 µL, 1000 rpm, 45 s). Afterwards, a CYTOP® fluoropolymer insulating layer was 
spin-coated as dielectric, and 60 nm Ag were thermally evaporated as gate electrode. A Keithley 4200-SCS was 
used for all standard OFET measurements which were performed in vacuum. 
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Chapter 4 

 

 

Towards novel graphitic carbon nitrides: 

a supramolecular approach 

 

Abstract: 

Graphitic carbon nitride (g-C3N4) based materials are used as catalysts for a variety of 

applications such as electrochemical water splitting. So far, the preparation of these 

functional materials has been performed by solid state chemistry. Here, we present a 

possible novel and facile approach for the preparation of g-C3N4-like materials by 

supramolecular chemistry. We synthesize and characterize two novel supramolecular 

building blocks that contain the nitrogen-rich s-heptazine motif and amide functionalized 

side chains. One derivative contains additional urethane groups to enable the thermally 

induced cleavage of the catalytically inactive side chains. Whereas both compounds form 

optically active aggregates in solution, only the thin film formed by the derivative without 

the urethane groups is optically active. Studying the thermal properties of the materials 

indicates that the melting temperatures of the thin films formed by both building blocks are 

higher than the thermal decomposition temperature of the compound that contains the 

additional urethane groups. Atomic force microscopy indicates that heating and annealing 

the smooth thin film prepared from the urethane functionalized building block above its 

thermal decomposition but below its melting temperature does not result in dewetting. 

Instead, the formation of a surface morphology that contains band-shaped structures is 

observed. Retaining or even increasing the surface area while increasing the relative 

content of nitrogen atoms by the cleavage of the side chains is expected to promote the 

catalytic activity of the supramolecular g-C3N4 material. 
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4.1 Introduction  

An important class of materials that is currently captivating chemists’ attention for 

designing metal-free catalysts for hydrogen evolution[1–10] and water splitting reactions [11–

16] are graphitic carbon nitrides (g-C3N4). The ideal, defect-free structure of g-C3N4 is 

depicted in Figure 4.1a and obtained when melon,[17–19] one of the oldest synthetic polymers 

(Figure 4.1b, c),[17,18] is formally condensed until no hydrogen atoms are left.[10] 

 

Figure 4.1: (a) Ideal, defect-free chemical structure of the graphitic carbon nitride (g-C3N4) 
sheet,[10](b,c) chemical structures of melon as (b) reported by Liebig[17,18] and (c) by 
Komatsu.[19]  

Realizing the cost-efficient production of hydrogen gas by the electrolysis of water is of 

particular socioeconomic interest since it is an important step towards a sustainable energy 

production.[20] Although the electrolysis of water has already been described more than 200 

years ago and a variety of catalytic systems has meanwhile been developed, it is still not 

possible to produce and handle hydrogen gas in technical processes that are economically 

more favorable than the use of fossil fuels.[21–28] One disadvantage that limits the usage of 

today’s g-C3N4 materials as catalysts for the production of hydrogen gas is their preparation 

method that typically involves time and energy intensive solid state chemistry.[11] 

In contrast to solid state chemistry, supramolecular chemistry is well-known for forming 

reversible non-covalent bonds already at room temperature.[29–32] The purposeful design of 

supramolecular polymers[33–42] has led to the development of functional materials with a 

variety of applications.[43–51] One particular example for such an application is the usage of 

homochiral supramolecular polymers as electrode coatings when performing 

electrochemical water splitting.[52,53] The corresponding literature reports suggested that 

the chiral materials introduced spin-selective chemistry which reduced both the over-

potential required to split water and the production of the undesired byproduct hydrogen 

peroxide.[52,53] Hitherto, the number of such supramolecular systems that implement spin 

selective chemistry into the water splitting reaction is still very limited and the reported 

hydrogen gas production has been too low for practical applications.[54] Since chiral g-C3N4-

materials prepared by solid state chemistry have already been reported and exhibited 

enhanced photocatalytic activity,[55,56] the preparation of chiral, g-C3N4-like materials by 
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supramolecular chemistry is an intriguing concept for exploring potential future systems for 

hydrogen evolution. 

Here, we report on the synthesis and characterization of two novel, chiral building 

blocks, AHA and UAHA, for the formation of supramolecular g-C3N4-like materials. The 

molecular structures of both compounds are depicted in Figure 4.2 and contain the 

nitrogen-rich s-heptazine motif. Since C3-symmetrical s-heptazine derivatives have already 

been reported to form hexagonal columnar liquid crystals,[57,58] we anticipated that the 

combination of the disc-shaped geometry of the molecules and their amide functionalized 

side chains induces the formation of helical aggregates. We implemented the thermally 

degradable urethane groups[59]  in the molecular structure of UAHA to be able to increase 

the relative amount of nitrogen atoms in the material by cleaving off the catalytically 

inactive side chains. We investigated the aggregation of both compounds in solution and in 

the thin film. Moreover, we studied the thermal properties of both compounds in thin film 

and in the bulk to investigate whether increasing the nitrogen content by cleaving off the 

side chains was possible without melting and dewetting the thin film.  

 

Figure 4.2: Molecular structures of the supramolecular building blocks AHA and UAHA. 

4.2 Synthesis of supramolecular building blocks containing the s-heptazine motif 

4.2.1 Synthesis of s-heptazine tribenzoic acid 5 

The synthesis of s-heptazine tribenzoic acid 5 was performed in collaboration with Nils 

Jansen and Joep Sanders during their master graduation projects in the group. The synthetic 

strategy starting from technical grade melon (generously supplied by Durferrit GmbH) is 

depicted schematically in Scheme 4.1 and was inspired by literature reports.[60,61] Initially, 

melon was hydrolyzed by boiling in aqueous potassium hydroxide solution. The obtained 

potassium cyamelurate 1 was dissolved in water and protonated by the addition of 

hydrochloric acid. Cyameluric acid 2 was chlorinated by a reaction with PCl5 to prepare 

cyameluric chloride 3. Friedel-Crafts arylation of 3 in toluene using aluminum chloride 

yielded the toluene functionalized s-heptazine 4. Subsequently, the three methyl groups of 

4 were oxidized using chromic acid. Pure tribenzoic acid functionalized s-heptazine 5 was 

obtained after recrystallization from N,N-dimethylformamide (DMF). 
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Scheme 4.1: Synthesis of s-heptazine tribenzoic acid. Reagents and conditions: i) KOH, H2O, 
100 °C, 4h; ii) HCl, H2O, R.T., 30 min.; iii) PCl5, POCl3, 106 °C, 2 h.; iv) toluene, AlCl3, 60 °C - 
R.T., 14 h; v) CrO3, acetic acid, sulfuric acid, acetic anhydride, 0 °C - R.T.  

4.2.2 Synthesis of amide functionalized s-heptazines 

To enable the synthesis of chiral supramolecular building blocks with high enantiopurity, 

we selected commercially available (S)-(−)-β-citronellol (obtained from Takasago 

International Corporation) as an affordable commercially accessible starting material with 

high enantiomeric excess (98.4% ee).[62] The conversion of (S)-(−)-β-citronellol to (S)-3,7-

dimethyloctan-1-amine and 2-(l2-azaneyl)ethyl (S)-(3,7-dimethyloctyl)carbamate) was 

performed according to literature procedures[63,64] by Marcin L. Ślęczkowski and Hao Su, 

respectively. The synthesis of the amide functionalized s-heptazine AHA and both amide 

and urethane functionalized s-heptazine UAHA was performed in two steps (Scheme 4.2). 

At first, 5 was converted to the corresponding triacid chloride using the reagent oxalyl 

chloride and catalytic amounts DMF. The full conversion to the triacid chloride was 

confirmed by Fourier-transform infrared (FT-IR) spectroscopy before the excess of oxalyl 

chloride was evaporated. The generated triacid chloride was reacted with a primary amine 

(AHA: (S)-3,7-dimethyloctan-1-amine, UAHA: 2-(l2-azaneyl)ethyl (S)-(3,7-dimethyloctyl) 

carbamate) to yield the supramolecular building blocks AHA or UAHA, respectively. After 

purification by column chromatography, precipitation and finally recrystallization, the pure 

products were obtained in medium to low yields (AHA: 40% and UAHA: 21%). The chemical 

structures were confirmed by 1H and 13C nuclear magnetic resonance (NMR), FT-IR 

spectroscopy and matrix-assisted laser ionization time of flight mass spectrometry (MALDI-

TOF-MS). 
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Scheme 4.2: Synthetic strategy for the preparation of AHA and UAHA. i) oxalyl chloride (in 
excess), DMF, 50 °C, 2h; ii) primary amine (AHA: (S)-3,7-dimethyloctan-1-amine, UAHA: 2-
(l2-azaneyl)ethyl (S)-(3,7-dimethyloctyl) carbamate), triethylamine, dry tetrahydrofuran 
(THF), 0 °C - 66°C, 1 h. 

4.3 Characterization in the solid state 

Having confirmed the chemical structures of the supramolecular building blocks by 

standard characterization techniques, we continued our study with the investigation of the 

bulk properties. We wanted to assess the presence of hydrogen-bonds in the bulk materials 

as well as determine the melting temperature of AHA and thermal decomposition 

temperature of UAHA that contains the additional urethane groups. 

4.3.1 Fourier-transform infrared spectroscopy 

We started our study by performing FT-IR spectroscopy to probe for the formation of 

hydrogen bonds in the solid state. As noticed in Figure 4.3, the spectra recorded for both 

compounds showed absorption bands around 3300 cm-1 which stemmed from the N-H-

stretching vibration of protons that are involved in hydrogen bonds.[46] The C=O-stretching 

vibrations were found at 1643 cm-1 for AHA and at 1698 cm-1 as well as 1644 cm-1 for UAHA. 

These results indicate that both compounds form strong hydrogen bonds, most probably of 

the amides, and UAHA exhibits the formation of additional weak hydrogen bonds, most 

probably of the urethane.[46,65] We note that both compounds exhibit an absorption band 

at 828 cm-1 (AHA) or at 829 cm-1 (UAHA) that is indicative for the vibration of the contained 

C6N7-core.[66,67] 
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Figure 4.3: FT-IR spectra recorded for (a) AHA and (b) UAHA in bulk. 

4.3.2 Thermal properties of amide functionalized s-heptazines AHA and UAHA 

The thermal phase transitions of AHA were investigated by dynamic scanning 

calorimetry (DSC) and polarized optical microscopy (POM). For the DSC measurements, the 

sample was heated to the isotropic melt, equilibrated, and cooled at a constant rate of 10 

°C min-1 to standardize the thermal history. The DSC trace that was obtained in the second 

heating and cooling cycle (scanning rate of 10 °C min-1) is depicted in Figure 4.4a. For the 

POM study, a small amount of substance was placed in between two microscope glass slides 

and heated until it was isotropically molten. Microscopy images were taken while the 

sample was cooled to 50 °C and subsequently reheated. As depicted as inset in Figure 4.4a, 

AHA showed the formation of birefringent textures upon solidification (crystallization 

temperature Tc = 271 °C) which did not change their shape during the cooling and heating 

cycle. Heating AHA to 287 °C resulted in melting and the loss of the birefringent textures in 

the POM image. 

Due to the expected decomposition of UAHA by the cleavage of  the urethane groups  

when heating to temperatures above 200°C[59] and observing decomposition in the melt of 

UAHA in the POM study, we did not investigate the thermal properties by DSC but assessed 

the thermal stability by thermogravimetric analysis (TGA). Figure 4.4b shows the relative 

decrease of mass of UAHA upon heating at a constant rate of 5 °C min-1. After the onset of 

the thermal decomposition around 240 °C, a rapid loss of weight is noticed. The 

temperature at which 45% of the mass is lost, which corresponds roughly with cleaving and 

removing the expected part of the side chains, was reached at 385 °C. 
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Figure 4.4: (a) DSC trace (second cycle, heating rate 10 °C min-1) recorded for AHA. Inset: 
birefringent structures observed by POM. White bar: 50 µm. (b) Thermogravimetric analysis 
of UAHA (heating rate 5 °C min-1). 

Since the evaluation of the bulk properties showed that both compounds formed 

hydrogen-bonded, crystalline bulk materials, we were motivated to study the aggregation 

behavior of both compounds in solution and in thin films.  

4.4 Assessing the formation of CD active aggregates by AHA and UAHA in solution and in 

thin film 

We started our optical study by performing ultraviolet–visible (UV/Vis), circular 

dichroism (CD) and linear dichroism (LD) spectroscopy on solutions of AHA and UAHA. The 

spectroscopic solutions were prepared by adding concentrated stock solutions of the 

compounds in chloroform to either good or poor solvents. We note that in case of UAHA, 1 

vol% trifluoroacetic acid (TFA) was required as co-solvent to chloroform in the stock solution 

to achieve full dissolution. Before the optical measurements, all samples were heated 

slightly below the boiling point of the solvent, sonicated, and cooled slowly to room 

temperature. The solid lines in Figure 4.5a and b show the absorption spectra of AHA and 

UAHA in chloroform and in heptane (containing 2 vol% chloroform) solutions. In chloroform 

solution, the molar extinction coefficient ε was 1.1⋅105 L mol-1 cm-1 for AHA (λmax = 336 nm) 

and 1.2⋅105 L mol-1 cm-1 for UAHA (λmax = 334 nm). Replacing the good solvent chloroform 



Towards novel graphitic carbon nitrides: a supramolecular approach  

 

112 
 

by the poor solvent heptane induced spectral broadening and blue-shifting λmax for AHA 

(λmax = 315 nm). For UAHA, the blue-shift was very small (λmax = 331 nm) and the spectrum 

showed a more pronounced spectral broadening. CD spectroscopy indicated that the 

chloroform solutions of AHA and UAHA were CD silent. In contrast, optical activity was 

measured for the heptane solutions (dashed lines in Figure 4.5a and b). For AHA, two bands 

of negative CD effect (minima at λ = 268 nm and 316 nm) and two bands of positive CD 

effect (maxima at λ = 291 and 344 nm) were found. For UAHA, the Cotton effects were 

much smaller and only one band of negative CD effect (minimum at λ = 364 nm) was 

noticed. LD spectroscopy indicated the absence of LD for all samples (Figure 4.5c). 

 

Figure 4.5: Photophysical properties of AHA and UAHA in chloroform and heptane 
(containing 2 vol% chloroform) solutions. Solid lines in (a): absorption spectra, dashed lines 
in (a): CD spectra. (b) LD spectra. Concentrations: 20 µM. Optical path lengths: 10 mm. LD is 
expressed as the difference in absorbance for vertically and horizontally polarized light AV-
AH. We note that the addition of 9.6 µmol triethylamine to the solutions of UAHA to 
neutralize the contained TFA did not affect the recorded CD spectrum.  

The blue-shift of λmax in the absorption spectrum of AHA recorded in heptane solution 

suggested the formation of H-type aggregates similar to π-stacked and hydrogen-bonded 

supramolecular systems reported in the literature.[38,68–70] The formation of nanofibers 

which is indicative of such a one-dimensional π-stacked architecture was also assessed by 

atomic force microscopy (vide infra). The differences of the absorption spectra recorded for 
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the heptane solutions of AHA and UAHA suggested that both types of molecules were 

arranged differently in their respective aggregate structures which was corroborated by the 

differences in the CD spectra. Nevertheless, measuring ellipticity in the absence of LD for 

the heptane solutions of both compounds suggested the efficient transfer of point chirality 

from the stereogenic centers in the side chains to the supramolecular aggregates. 

Having investigated the optical properties of AHA and UAHA in solution, we continued 

our study with the investigation of the optical properties of the thin films formed by both 

compounds. The investigated thin films were prepared by spin coating 4 mM solutions of 

each compound in chloroform (in case of UAHA, again 1 vol% TFA was required as co-

solvent to achieve full dissolution) onto quartz glass slides. The UV/Vis spectrum that was 

recorded for the thin film of AHA is presented as black line in Figure 4.6a and the 

corresponding λmax is noticed at 330 nm. The CD spectrum of the thin film of AHA is noticed 

as black line in Figure 4.6b and contains bands of negative and positive CD effect. LD 

spectroscopy indicated the absence of LD (Figure 4.6c). The UV/Vis spectrum recorded for 

the thin film of UAHA is noticed as grey line in Figure 4.6a and exhibits its λmax at 336 nm. 

CD spectroscopy indicated that the thin film formed by this compound was optically inactive 

(grey line in Figure 4.6b). Comparing the absorption spectra of the thin films with the 

absorption spectra recorded in the chloroform solutions suggested the absence of blue-

shifts of λmax which was in contrast to the results from the heptane solutions and suggested 

different aggregation pathways in both media. The structural differences of the aggregates 

formed by each compound in the two media were corroborated by the differences in the 

corresponding CD spectra. Whereas the shape of the CD spectrum of AHA was strongly 

changed, the thin film of UAHA was completely optically inactive. We note that the 

aggravation of UAHA’s aggregation into optically active structures can potentially stem from 

TFA protonating UAHA during spin coating. The presence of TFA in the spin-coated thin film 

can be investigated by techniques such as total reflection X-ray fluorescence spectrometry. 

 

Figure 4.6: (a) UV/Vis spectra, (b) CD spectra and (c) LD spectra recorded for thin films 
prepared from AHA and UAHA. Owing to the presence of a scattering contribution, the y-
axis in (a) is labelled extinction. LD is expressed as the difference in absorbance for vertically 
and horizontally polarized light AV-AH. 

Since AHA and UAHA formed smooth thin films and DSC indicated that the melting 

temperature of AHA was higher than the thermal decomposition temperature of UAHA as 
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determined by TGA, we investigated the thin films in variable temperature experiments to 

determine whether the urethane groups of UAHA could be decomposed below the melting 

temperature to avoid dewetting of the thin film and retaining a high surface area while 

increasing the nitrogen content of the material. 

4.5 Investigating the thermal stability of the morphologies of thin films and the impact of 

heating on optical properties 

Optical microscopy indicated a smooth surface morphology for the thin films formed by 

both AHA and UAHA, as exemplarily shown for the thin film of UAHA in Figure 4.7a. The 

surfaces of the thin films remained smooth until their melting temperature was reached. 

Melting induced dewetting and the formation of blob-like structures which did not change 

their shape upon cooling, as exemplarily shown for the thin film of UAHA in Figure 4.7b. 

According to the Linkam heating element that was used to perform temperature-dependent 

experiments, the melting temperature of the thin film formed by AHA was 275 °C. For the 

thin film formed by UAHA, the melting temperature was 270 °C (scanning rate 20 °C min-1). 

We note that the melting temperature of the thin film of AHA was lower than the melting 

temperature determined by DSC for the bulk material. We ascribed the discrepancy to the 

thicknesses of the thin films which were below 100 nm. 

Since the melting temperature of the thin film formed by UAHA was higher than UAHA’s 

thermal decomposition temperature, we wanted to explore the structural consequences of 

cleaving off the side chains when performing a heating and annealing experiment just below 

the melting temperature of the thin film. We heated and annealed the thin film for 20 

minutes at 265 °C. After cooling, the thin film was investigated by optical microscopy. The 

microscopy image depicted in Figure 4.7c indicated the formation of crack-like structures. 

Since these structural features were too small to be resolved clearly by optical microcopy, 

we performed atomic force microscopy (AFM). To better compare the surface morphology 

before and after heating and annealing, we also imaged the untreated thin film by AFM. 

The height profile depicted in Figure 4.7d indicated maximum height differences of 20 nm 

within the imaged area of 400 µm2 which corroborated the smooth surface morphology 

noticed in the optical microscopy images. Upon close-examination, a blob-like substructure 

of the smooth surface was noticed (Figure 4.7e, height difference between white and black 

elements: 6 nm). AFM-imaging performed after heating and annealing suggested that the 

crack-like structures noticed in optical microscopy image stemmed from the formation of a 

surface morphology that contained band-shaped textures (Figure 4.7f). The AFM images 

suggested that this new morphology had an increased surface roughness (maximum height 

difference between white and black elements: 60 nm; this height difference is also 

responsible for the measurement artifacts in the AFM image). Imaging the sample with 

increased magnification suggested that the band-shaped structures consisted of smaller, 

fiber-like elements as noticed in Figure 4.7g. The changes in the surface morphology which 

were induced by heating and annealing the thin film suggested that cleaving off the side 

chains resulted in a local rearrangement of the supramolecular structure. Interestingly, 
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increasing the relative amount of nitrogen atoms in the thin film was not accompanied by 

dewetting but seemed to even increase the surface area. 

 

Figure 4.7: (a-c) Optical microscopy of thin films prepared by spin coating 4 mM chloroform 
solutions of UAHA containing 1 vol% TFA as cosolvent. Images of the thin films were taken 
(a) directly after preparation, (b) after melting and cooling, (c) after heating and annealing 
for 20 minutes at 265 °C. Black bars: 20 µm. We note that birefringent textures were absent 
in all images when crossing the polarizers. (d-g) AFM height traces of the thin films after 
preparation (d,e) and after heating and annealing for 20 minutes at 265 °C(f,g); White bars: 
5 µm in (d,f) and 500 nm in (e,g). 

We note that AHA formed fibrous structures, too. The AFM image of a sample prepared 

by drop-casting a 2 mM chloroform solution of AHA onto mica is depicted in Figure 4.8 

(image recorded by Elisabeth Weyandt). The height difference of 8 nm between the fibrous 

structures that are highlighted in white and the grey mica surface indicates the formation 

of bundles of nanofibers. 

 

Figure 4.8: AFM height image of bundles of nanofibers formed by AHA. The sample was 
prepared by drop casting a chloroform solution (concentration = 2 mM) onto mica. White 
bar: 1 µm. 
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To investigate the consequences of the observed structural rearrangements during the 

variable temperature experiments on the optical properties of the thin films, we performed 

optical spectroscopy. As noticed in Figure 4.9a, performing heating and cooling experiments 

below the melting temperature of the thin film of AHA induced a red-shift of λmax from 330 

nm to 349 nm in the UV/Vis spectrum. Melting and cooling induced additional spectral 

broadening. CD spectroscopy indicated that heating and cooling experiments affected the 

ellipticity spectrum of the thin film, too (Figure 4.9b). When the thin film was heated to 230 

°C, an ellipticity signal of 23 mdeg was measured at 351 nm. We note that this CD signal 

corresponded with a circular differential absorbance 𝛥𝐴 = 𝐴L − 𝐴R of 6∙10-4 which was 

smaller than the linear differential absorbance 𝛥𝐴 = 𝐴L − 𝐴R of 4∙10-3 noticed in the 

corresponding LD spectrum (Figure 4.9c). Both ellipticity and LD effect were lost when the 

thin film was melted and cooled. In contrast to AHA, λmax of the UV/Vis spectrum of the thin 

film of UAHA was barely affected by the thermal treatment (336 nm in Figure 4.6a and 338 

nm in Figure 4.9d). Interestingly, a small ellipticity signal was measured for the thin film 

after heating and annealing for 20 minutes at 265 °C (Figure 4.9e). The corresponding 

maximum circular differential absorbance (λ = 326 nm) of 5∙10-5 was smaller than the linear 

differential absorbance of 1.6∙10-3 noticed in the corresponding LD spectrum (Figure 4.9f). 

The red-shift of λmax that was noticed in the UV/Vis spectrum of the thin film of AHA 

after heating and cooling suggested a local structural rearrangement that was corroborated 

by the changes in the CD spectrum and the generation of LD. LD can, in combination with 

linear birefringence in either the optical setup or the sample itself, lead to an artificial 

contribution to the circular dichroism. Although linear birefringence is of limited magnitude 

(typically below 0.1), the comparable magnitudes of linear and circular differential 

absorption in the heated and cooled thin film of AHA suggested a distinct LD contamination 

in the CD spectrum. Analogously to this argumentation, the measured ellipticity of the thin 

film of UAHA after heating and annealing for 20 minutes at 265 °C was ascribed to the 

sample’s LD effect. 
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Figure 4.9: (a) UV/Vis spectra, (b) CD spectra and (c) LD spectra recorded at room 
temperature for the thin films of AHA after conducting the indicated heating and annealing 
experiments. (d) UV/Vis spectra, (e) CD spectra and (f) LD spectra recorded at room 
temperature for the thin films of UAHA after conducting the indicated heating and annealing 
experiments. LD is expressed as the difference in absorbance for vertically and horizontally 
polarized light AV-AH. 

4.6 Conclusions and outlook 

We presented here the synthesis and characterization of two novel chiral 

supramolecular building blocks AHA and UAHA that contain the s-heptazine motif as the 

core and amide functionalized side chains for the preparation of novel supramolecular g-

C3N4-like materials. The investigation of the optical properties indicated that both 

compounds formed optically active aggregates in poor solvents. Interestingly, the optical 

activity of these aggregates was more pronounced for AHA than for UAHA that contained 

additional, thermally degradable urethane groups. Both compounds could be used to 

prepare smooth thin films by spin coating. The spectroscopic investigation indicated that 

only AHA formed optically active aggregates in thin film. Since the melting temperature of 

the thin film of UAHA was higher than its thermal decomposition temperature, the 

catalytically inactive side chains could be cleaved off by thermal curing. Heating and 

annealing did not result in dewetting but in the formation of band-shaped surface textures. 

Since initial results from using thin films of AHA as electrode coating in an electrochemical 

cell used for water splitting indicated catalytic activity, we conclude that structurally 

approaching g-C3N4 in supramolecular systems introduces functionality. Increasing the 

relative amount of nitrogen atoms via the cleavage of the side chains is suggested to 

increase the catalytic activity. Since the thin film formed by UAHA was however not optically 

active, the presented system needs further optimization to allow for the preparation of 
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chiral supramolecular g-C3N4-like materials in which catalytically inactive side chains can be 

removed by a curing step. 

4.7 Experimental Section 

4.7.1 Materials and Methods 

Melon was generously supplied by Durferrit GmbH. All other chemicals were purchased from commercial sources 
and used without further purification. The solvents were purchased and treated as stated in Chapter 2. Silica 
column purification and chemical characterization (1H and 13C NMR, FT-IR and MALDI-TOF) was performed on the 
machines stated in Chapter 2. DSC was performed on a Q2000 from TA Instruments. TGA was performed on a Q500 
from TA Instruments. The stock solutions which are used for the optical measurements and spin-coating were 
prepared by weighing the required amount of compound and transferring it into a screw-capped vial. The desired 
concentrations of the used solutions were adjusted by the addition of the chosen solvent by using Gilson 
MICROMAN Positive-Displacement Pipets. The samples were heated and sonicated until the solids were dissolved 
completely and homogeneous solutions were obtained. The optical path length was 10 mm. For spin-coating, 
quadratic quartz glass slides (2 cm side length) were cleaned by sonication in acetone, demineralized water and 
isopropanol for 5 min each. For the preparation of the thin films, 70 μL of the stock solution were deposited on 
top of the microscope glass slide and subsequently spun (Headway Research Inc.; concentrations: 4 mM; spinning 
speed: 2000 rpm; spinning time: 45 sec). UV/Vis, CD and LD spectroscopy were performed on the spectrometers 
stated in Chapter 3. Optical microscopy using crossed polarizers was performed on an optical microscope from 
Jenaval. Images were recorded using an Infinity1 camera purchased from Lumenera. Atomic force microscopy was 
performed as stated in Chapter 3. 

4.7.2 Synthetic procedures 

Synthesis of potassium cyamelurate (1) 

 

Melon pellets were pulverized with a pestle a mortar. The yellow powder (10 g, 45 mmol, 1 eq.) was added to a 
round bottom flask filled with aqueous 3 M KOH solution (90 mL, 275 mmol, 6 eq). Subsequently, the reaction 
mixture was heated to 100 °C. Heating and stirring was continued at for 3 h before the reaction mixture was 
filtrated using a warmed Büchner funnel. Upon cooling down, white crystals were formed in the filtrate. The white 
crystals were filtered off and washed with ethanol thrice. After drying, potassium cyamelurate was obtained as a 
white powder in 70% yield (10.5 g, 31.2 mmol). FT-IR (cm-1): 3064 (b) 1644 (m), 1515 (m), 1471 (s), 1404 (s), 
1151(m), 813 (s). 

Synthesis of cyameluric Acid (2) 

 

Potassium cyamelurate (10.8 g, 32.2 mmol, 1 eq.)  was dissolved in 50 mL water. Subsequently, 1M HCl (130 mL, 
130 mmol, 4 eq.) was added dropwise which induced the formation of a white precipitate. Stirring was continued 
for 10 minutes before the precipitate was filtered off and washed three times with water. Cyameluric acid was 
obtained as a white powder in 95% yield (6.8 g, 30.9 mmol). MALDI-TOF-MS found: 221.14 m/z (calculated: 221.03). 
FT-IR (cm-1): 2985 (b), 1610 (s), 1474 (s), 1399 (s), 1310 (s), 1168 (m), 952(m), 826(m), 786 (s), 628 (m), 537 (m).  
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Synthesis of cyameluric chloride (3) 

 

The reaction was carried out in dried glassware under argon atmosphere. A round Schleck bottom flask was 
charged with cyameluric acid (2 g, 9.04 mmol, 1 eq.) and 50 mL POCl3. PCl5 (8.5 g, 40.7 mmol, 4.5 eq.) was added 
portion wise to the mixture before heating to 106 °C. The HCl gas which was formed during the reaction was 
neutralized by passing it through an aqueous NaOH 1M solution. After 2 h of heating and stirring, the reaction 
mixture was more turbid than in the beginning and the color had changed from white to yellow. POCl3 was 
removed via distillation before the temperature was raised to 140°C. Exposing the mixture to an argon flow 
resulted in the complete removal of excessive and unreacted PCl5 sublimation. Cyameluric chloride was obtained 
as a yellow powder in 95% yield (2.4 g, 8.60 mmol). 13C NMR (101 MHz, THF-d8): δ [ppm] = 175.4, 158.6. FT-IR (cm-

1): 1601 (s), 1498 (s), 1302 (s), 1200 (s), 1088 (s), 970 (s), 824 (s), 648 (s), 579(w). 

Synthesis of 2,5,8-tri-p-tolyl-1,3,3a1,4,6,7,9-heptaazaphenalene (4)  

 

A round bottom flask was charged with toluene (40 mL, 376 mmol, 40 eq.) and anhydrous AlCl3 (2.5 g, 18.82 mmol, 
2 eq.). The suspension was stirred and heated to 60°C. Cyameluric chloride (2.6 g, 9.41 mmol, 1 eq.) was added 
portion wise which induced the formation of a dark red color. The reaction was cooled down to R.T. and stirring 
was continued for 14 h. Upon the addition of 100 mL water a color change to yellow and the formation of a 
precipitate was observed. The precipitate was collected by filtration. 2,5,8-tri-p-tolyl-1,3,3a1,4,6,7,9-
heptaazaphenalene was purified by recrystallization from DMF. The pure product was obtained as yellow crystals 
in 15% yield (626 mg, 1.41 mmol). 1H NMR (400 MHz, C6D6-d6): δ [ppm] = 8.80 (d, 6H), 7.04 (d 6H), 2.02 (s, 9H). 13C 
NMR (101 MHz, C6D6-d6): δ [ppm] = 180.62, 168.01, 145.18, 133.11, 130.66, 129.84, 21.57. MALDI-TOF-MS found: 
444.20m/z (calculated: 444.20). FT-IR (cm-1): 3033 (b), 1621 (m), 1587 (s),1509 (m), 1492 (m), 1405 (m), 1384 (s), 
1296 (w), 1223 (m), 1174 (s), 1037 (w) 1019 (m), 929 (m), 851 (w), 815 (s), 796 (m), 738 (s), 684 (m), 609 (m), 516 
(m), 477 (s).  

Synthesis of 4,4',4''-(1,3,3a1,4,6,7,9-heptaazaphenalene-2,5,8-triyl)tribenzoic acid (5) 

 

2,5,8-Tri-p-tolyl-1,3,3a1,4,6,7,9-heptaazaphenalene (1.21 grams, 2.73 mmol, 1 eq.) was added to a round bottom 
flask containing a mixture of acetic acid (36.2 g, 602.81 mmol, 220 eq.) and sulfuric acid (4.02 g, 41.02 mmol, 15 
eq.) that was cooled to 0°C. The mixture was stirred for 10 minutes before CrO3 (4.92 g, 49.23 mmol, 18 eq) was 
added portion wise which induced a color change to green. Subsequently, acetic anhydride (2.2 g, 21.88 mmol, 8 
eq.) was added and stirring at room temperature was continued for 16 h. The reaction mixture was poured into 
300 mL water which induced the formation of a yellow solid. The solid was collected by filtration and redissolved 
in 100 mL of aqueous NaOH solution (conc. = 6 M). The resulting mixture was acidified by the addition of 50 mL 
aqueous HCl solution (conc. = 12 M) which resulted in the formation of a yellow precipitate which was collected 
via filtration. Purification was performed by recrystallization from hot DMF and washing with 100 mL aqueous HCl 
solution (conc. = 1 M). Pure 4,4',4''-(1,3,3a1,4,6,7,9-heptaazaphenalene-2,5,8-triyl)tribenzoic acid was obtained as 
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a yellow powder in 20% yield (302 mg, 0.55 mmol). 1H NMR (400 MHz, DMF-d7): δ [ppm] = 13.79 (s, 3H), 8.62 (d, 
6H), 8.27 (d, 6H). 13C NMR (101 MHz, DMF-d7): δ [ppm] = 174.6, 167.0, 160.5, 138.4, 136.2, 130.15, 129.9. MALDI-
TOF-MS found: 533.19 m/z (calculated: 533.11). FT-IR (cm-1): 3056 (b), 1715(m), 1589(s), 1498 (s), 1408 (w), 
1373(m), 1303(w), 1220 (m), 1105 (m), 1014 (s), 924 (s), 875 (m), 830(s), 789 (s), 718 (s). 

4,4',4''-(1,3,3a1,4,6,7,9-Heptaazaphenalene-2,5,8-triyl)tris(N-((S)-3,7-dimethyloctyl)benzamide) (AHA) 

 

The reaction was carried out under inert conditions in dried glassware under argon. 4,4',4''-(1,3,3a1,4,6,7,9-
Heptaazaphenalene-2,5,8-triyl)tribenzoic acid (100 mg, 0.19 mmol, 1 eq.) was added to 10 mL oxalyl chloride. One 
drop of DMF was added as catalyst. The mixture was stirred for 2 h at 50 °C. Oxalyl chloride was removed by 
evaporation. The generated acid chloride was redispersed in 10 mL dry THF and added to a 10 mL THF solution of 
(S)-3,7-dimethyloctan-1-amine (103.8 mg, 0.66 mmol, 3.5 eq.) and triethylamine (0.66 mmol, 3.5 eq.). The mixture 
was stirred at 66 °C for one hour. The reaction mixture was cooled down and concentrated. Purification was 
performed by silica column chromatography with methanol (0-5%) in chloroform as eluent and subsequent 
precipitation in methanol. The pure product was obtained a yellow orange powder in 41% yield (74 mg, 0.08 
mmol). 1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 7.68 (d, J = 7.6 Hz, 6H), 7.54 (s, 3H), 7.04 (s, 6H), 3.36 (d, J = 
10.6 Hz, 6H), 1.77 – 1.63 (m, 3H), 1.61 – 1.42 (m, 9H), 1.42 – 1.09 (m, 18H), 0.97 (d, J = 6.3 Hz, 9H), 0.89 (d, J = 6.6 
Hz, 18H). 13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 174.71, 168.12, 158.10, 140.42, 134.87, 130.11, 127.02, 
39.44, 38.73, 37.46, 36.70, 31.24, 28.14, 24.92, 22.90, 22.79, 19.73. MALDI-TOF-MS found: 950.73 m/z (calculated: 
950.63). FT-IR (cm-1): 3301 (w), 2953 (m), 2926 (m), 2870 (m), 1698 (m), 1644 (m), 1595 (s), 1529 (s), 1466 (m), 
1407 (s), 1385 (s), 1298 (m), 1252 (m), 1224 (m), 1180 (m), 1148 (w), 1042 (w), 1015 (m) 924 (m), 870 (w), 829 (m), 
774 (w), 717 (m), 621 (m). 

((4,4',4''-(1,3,3a1,4,6,7,9-Heptaazaphenalene-2,5,8-triyl)tris(benzoyl))tris(azanediyl))tris(ethane-2,1-diyl) 
tris(((S)-3,7-dimethyloctyl)carbamate) (UAHA)

 

The reaction was carried out under inert conditions in dried glassware under argon. 4,4',4''-(1,3,3a1,4,6,7,9-
Heptaazaphenalene-2,5,8-triyl)tribenzoic acid (100 mg, 0.19 mmol, 1 eq.) was added to 10 mL oxalyl chloride. One 
drop of DMF was added as catalyst. The mixture was stirred for 2 h at 50 °C. Oxalyl chloride was removed by 
evaporation. The generated acid chloride was redispersed in 10 mL dry THF and added to a 10 mL THF solution of 
2-(l2-azaneyl)ethyl (S)-(3,7-dimethyloctyl)carbamate (365 mg, 1.5 mmol, 8 eq.). The mixture was stirred at 66 °C 
for one hour. The reaction mixture was cooled down and concentrated. Purification was performed by silica 
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column chromatography with methanol (0-3%) in chloroform as eluent and subsequent precipitation in methanol. 
The pure product was obtained a yellow orange powder in 21% yield (48 mg, 0.04 mmol). 

1H NMR (400 MHz, Chloroform-d1, 3 vol% TFA-d1): δ [ppm] = 8.49 (d, J = 8.2 Hz, 6H), 7.85 (d, J = 8.2 Hz, 6H), 7.49 (t, 
J = 5.6 Hz, 3H), 4.41 (br, 6H), 3.80 (br, 6H), 3.29 – 3.10 (m, J = 7.0, 6.4 Hz, 6H), 1.55 – 1.40 (m, 9H), 1.37 – 1.02 (m, 
21H), 0.86 (t, J = 7.0 Hz, 27H). 13C NMR (101 MHz, Chloroform-d1, 3 vol% TFA-d1): 175.34, 169.19, 169.12, 158.75, 
138.24, 138.21, 136.80, 131.04, 127.73, 63.93, 40.75, 39.79, 39.29, 37.13, 36.65, 30.52, 28.07, 24.70, 22.73, 22.63, 
19.34. MALDI-TOF-MS found: 1211.75 m/z (calculated: 1211.72). FT-IR (cm-1): 3316 (br), 1702 (m), 1592 (s), 1501 
(s), 1408 (s), 1377 (s), 1304 (s), 1220 (m), 1195 (s), 1108 (m), 1015 (m), 925 (m), 872 (s), 831 (s), 791 (s), 720 (s), 
689 (s), 641 (m), 586 (m), 528 (m). 
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Tuning the pitch of N,N’-bis(n-alkyl)-naphthalenediimide 

double lamellae in 2D and 3D 

 

Abstract: 

The fabrication of nanostructured surfaces with high order is currently a hot topic in 

supramolecular chemistry and envisaged to bolster advances in heterogenous catalysis and 

microelectronic applications. Here, we report on the self-assembly of a set of novel 

alkylated double N,N’-bis(n-alkyl)-naphthalenediimides (NDIs) into double lamellar 

morphologies on highly oriented pyrolytic graphite (HOPG) surfaces. A detailed analysis of 

the two-dimensional (2D) monolayers by scanning tunneling microscopy (STM) reveals that 

the pitch of the double lamellae is tuned precisely by the variation of the length of the alkyl 

spacer that covalently connects two NDI cores. We find that the combination of our 

molecular design and flow deposition can be used to obtain the desired large-scaled 

ordered domains that exceed 1 µm2 in surface area. In addition to the surface experiments, 

we investigate the bulk properties for the entire series of compounds to determine 

structure-property relationships. Small angle X-ray scattering reveals that all bulk materials 

exhibit nanophase-separated lamellar phases whose domain spacings are slightly larger 

than the repeating units of the double-lamellar structures formed on HOPG surface. We 

assign the discrepancy to the partial desorption of the alkyl spacer from the HOPG surface. 

The desorption becomes more pronounced for longer alkyl spacers and decreases the 

predictability of the structural details of the self-assembled monolayers. The finding has 

important implications for the molecular design of future materials for functional interfaces 

that are based on electron donor - electron acceptor couples. 
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5.1 Introduction 

The realization of highly regular surface patterns has become a major goal in the fields 

of supramolecular chemistry and nanotechnology[1–6] since it is considered a crucial step 

towards achieving novel functional surfaces with applications in organic electronics,[7,8] 

analyte-recognition[9] and heterogenous catalysis.[10] As an attractive alternative to top-

down methods that commonly involve lithographic steps,[11] bottom-up chemistry aims for 

the precise and highly regular positioning of molecules via the formation of directional, non-

covalent interactions.[12–14] 

The non-covalent interactions that are used to generate patterned surfaces are well-

known from supramolecular chemistry[15] and comprise van der Waals interactions,[16–19] 

hydrogen-bonding,[20–26] halogen-bonding[27,28] and coordination chemistry.[29–31] In contrast 

to the supramolecular structures formed in solution or in bulk systems, the morphologies 

formed at surfaces depend on additional parameters. When designing adsorbates 

rationally, adsorbate-adsorbate, adsorbate-solvent and substrate-adsorbate interactions 

need to be considered.[32] Achieving a suitable interplay of the interactions between all 

components and optimizing the preparation techniques results in the formation of two 

dimensional (2D) supramolecular monolayers in highly regularity.[33] A structural 

investigation of monolayers is often performed by atomic force microscopy (AFM)[34,35] or 

scanning tunneling microscopy (STM)[36] since these techniques offer a (sub-)molecular 

resolution.[37] Typical examples for the morphologies that have been observed for self-

assembled monolayers are honeycomb patterns or lamellae[38] which can exhibit structural 

details such as chiral textures[39] and vertical nanophase separation.[40] In addition, 

monolayers formed by a series of homologues may exhibit a periodical structural 

rearrangement that is governed by an odd-even effect.[41,42] 

Odd-even effects are well-known phenomena in chemistry and physics.[41–47] One of the 

most prominent examples is the non-linear increase of the melting temperatures of n-

alkanes.[48,49] The addition of one methylene group to an n-alkane of odd chain length is 

accompanied by a rather distinct increase of the melting temperature. When a methylene 

group is added to an n-alkane of even chain length, however, the melting temperature is 

increased only marginally if it not is decreased.[48,49] The odd-even effect of the melting 

temperatures stems from differences in the crystal packing within the series of homologues. 

Although all compounds crystallize in the all-anti conformation, homologues with an even 

number of methylene groups form more densely packed crystals. Owing to the denser 

crystal packing, the homologues with an even number of methylene groups exhibit 

somewhat higher melting temperatures than their neighbors that contain an odd-number 

of methylene groups.[48,50] On highly oriented pyrolytic graphite (HOPG) surface, adsorbed 

n-alkanes arrange in an all-anti conformation, since the epitaxial adsorption energy for each 

methylene group in a 2D monolayer is 64 meV (1.5 kcal/mol).[32] Owing to this all-anti 

conformation, the terminal methylene groups are pointing either to one side (syn) or to 

opposite sides (anti) of the molecule. As a result, supramolecular monolayers prepared 
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from alkyl chain functionalized molecules typically exhibit a periodic modulation of surface 

structures that follows an odd-even trend.[41] An exemplary STM study describing such an 

odd-even effect on HOPG surface has been conducted by Kim et al.[51] Their study 

investigated the adsorption of dicarbamates that were both connected and terminated by 

alkyl chains on HOPG surface. Given by the all-anti conformation of the adsorbed alkyl 

chains, an even number of methylene groups in the central alkyl chain resulted in an anti-

arrangement of the terminal alkyl chains with respect to each other. Analogously, a syn-

arrangement was observed for derivatives containing an odd number of methylene groups 

in the central alkyl chain (Figure 5.1). 

 

Figure 5.1: STM images showing an odd-even in the morphologies of monolayers of 
alkylated dicarbamates on HOPG surface. (a) An even number of methylene groups in the 
central alkyl chain resulted in an anti-arrangement of the terminal alkyl chains with respect 
to each other. (b) Analogously, an odd number resulted in a syn-arrangement. Figure 
adapted with permission from reference [51] (copyright 2000 American Chemical Society). 

When the adsorption process continues, multilayers and finally thin films and bulk 

materials are generated. Since AFM and STM only image the surface morphologies, other 

techniques such as nuclear magnetic resonance (NMR),[52] differential scanning calorimetry 

(DSC),[52] attenuated total internal reflection infrared spectroscopy (ATR-IR),[53] electron 

diffraction,[54] neutron[52,53,55,56] and X-ray scattering[56–58] become more suitable to obtain 

structural information of such multilayered materials.[54] Literature studies that compared 

the self-assembled structures of compounds in a 2D monolayer and in bulk material 

reported that the complex nature of the additional interactions at the interface with respect 

to the bulk often induces structural differences in both media.[59,60] One particular example 

for a type of compounds that has already been investigated upon the formation of self-

assembled structures in crystalline bulk material[58,61–64] and on surface[14,38,40,59,65] are N,N’-

bis(n-alkyl)naphthalenediimides (NDIs). The class of compounds is of particular interest due 

to its n-type semiconducting properties[62,66–69] and its straightforward chemical 

modification.[62,63,70] The determination of the crystal structures of various alkylated NDIs 

indicated that in bulk, the compounds are typically arranged in lamellar phases.[58] The 

domain spacings of the investigated crystals were defined by the molecular dimensions of 

the microphase segregated NDI cores and the alkyl chains of the molecules.[58] In contrast 
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to bulk materials, the self-assembled monolayers formed on HOPG surface (exemplary STM 

images depicted in Figure 5.2) showed the formation of lamellar structures only for very 

short or rather long alkyl chains (Nmethylene groups ≤ 4 or ≥ 13).[38] For the derivatives that 

contained alkyl chains of intermediate length (4 < Nmethylene groups < 13), the formed 

morphologies were identified as honeycomb patterns.[38] The hexagonal packing of the NDI 

cores in these honeycomb patterns was ascribed to a partial desorption of the alkyl 

chains.[38] 

 

Figure 5.2: STM images of supramolecular monolayers formed by propyl (left), nonyl 
(middle) and octadecyl (right) appended NDIs at the HOPG/1-tetradecene interface. Figure 
adapted with permission from reference [38] (copyright 2012 American Chemical Society). 

Inspired by a recent report on engineering long-range order in supramolecular 

assemblies of alkylated NDIs,[14] we designed a series of novel double NDIs (Scheme 5.1). 

We terminated the double NDIs with octadecyl chains to induce the formation of lamellar 

morphologies on HOPG surface.[14,38] The central alkyl chain was anticipated to act as an 

additional restriction during the self-assembly process. The length of the alkyl spacer was 

varied from three to twelve carbon atoms to systematically investigate structure-property 

relationships of both self-assembled monolayers and bulk phases. We conducted a STM 

study to investigate the morphologies formed on HOPG surface and performed X-ray 

scattering to investigate the morphologies and corresponding domain spacing in the bulk 

phase. 

 

Scheme 5.1: Molecular structures of double N,N’-bis(n-alkyl)-naphthalenediimides NDI-C3-
NDI ‒ NDI-C12-NDI and reference R-NDI. 
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5.2 Synthesis and characterization of N,N’-bis(n-alkyl)-naphthalene-diimides 

The synthesis of all NDIs was performed according to Scheme 5.2. Following a modified 

protocol by Tambara et al.,[71] n-octadecylamine 1 was reacted with 1,4,5,8-

naphthalenetetracarboxylic dianhydride 2. The condensation was sped up by using a 

microwave reactor. Compound 2 was used in excess to form predominantly octadecyl 

naphthalene monoimide NMI and reduce the formation of double alkyl functionalized R-

NDI. During the work-up, unreacted 2 was solubilized in water by hydrolysis in aqueous 

NaOH solution (1 M). Insoluble NMI was isolated by filtration and dispersed in aqueous 

hydrochloric acid solution (3 M) to protonate the carboxylic acid groups. The protonation 

was required to increase the electrophilicity of the compound for the subsequent 

condensation reaction. Dried NMI was reacted with aliphatic α,ω-diamines (ranging from 

1,3-diaminopropane to 1,12-diaminododecane) using the microwave reactor. All double 

NDIs NDI-C3-NDI ‒ NDI-C12-NDI were purified by recrystallization from chloroform or 

toluene and obtained as crystalline compounds in medium to high yields (34-81%). In 

addition to the double NDIs, 1,4,5,8-naphthalenetetracarboxylic dianhydride was also 

reacted twice with n-octadecylamine to prepare the reference compound R-NDI. After 

recrystallization from toluene, R-NDI was obtained as a crystalline material in high yield 

(86%). 

 

Scheme 5.2: Synthetic route for the preparation of double NDIs NDI-C3-NDI - NDI-C12-NDI 
and R-NDI. All reactions were performed in a microwave reactor. Reagents and conditions: 
i) 1) 2.5 eq. naphthalene-tetracarboxylic dianhydride, 50/50 DMF/THF, 75 °C - 140 °C, 10 
min, 2) NaOH(aq.), 3) HCl(aq.), ii) aliphatic α,ω-diamines, DMF/THF, 75 °C - 140 °C, 30 min, iii) 
2 eq. octadecylamine, DMF/THF, 75 °C - 140 °C, 10 min. 

All compounds were fully characterized by 1H and 13C nuclear magnetic resonance 

(NMR) and Fourier-transform infrared (FT-IR) spectroscopy and matrix-assisted laser 

ionization time of flight mass spectrometry (MALDI-TOF-MS). The MALDI-TOF-MS spectra 

showed peaks which corresponds well with the exact mass of the NDIs. Mass peaks which 

would indicate monosubstitution were absent. The FT-IR spectra of all NDIs looked very 

similar. The spectra show C-H stretching vibrations at 3065 cm-1 and 2920 cm-1 which were 

assigned to protons attached to sp3 and sp2-hybridized carbon atoms, respectively. The C=O 

vibration of the imide was noticed at 1703 cm-1.  
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5.3 Optical properties of the NDIs 

Having proven the molecular structures of all NDIs, we moved on to determining the 

optical properties of the series of homologues in chloroform solution (1.3⋅10-5 mol/L) and 

in drop-casted thin films. The spectroscopic solutions were prepared by dissolving the NDIs 

in chloroform. Full dissolution of the compounds was achieved by heating the samples 

slightly below 61 °C and sonicating until the solutions were transparent. When the 

spectroscopic samples were stored for several hours at room temperature, the samples 

became turbid. Precipitation of the compounds indicated a poor solubility and was more 

pronounced for the even than for the odd homologous. During the spectroscopic study, the 

samples were hence warmed up just before each measurement to ensure that all 

experiments were performed on transparent solutions. The absorption and fluorescence 

spectra recorded for R-NDI, NDI-C6-NDI and NDI-C7-NDI are good examples to highlight the 

similarities and differences of the optical properties within the series of homologues. The 

corresponding spectra recorded for these compounds are shown in Figure 5.3a. The shapes 

of the absorption spectra of these three NDIs were identical with the absorption spectra of 

the remaining homologues. All compounds showed strong absorption bands with local 

maxima at 382 nm (molecular extinction coefficients of the double NDIs ε = 5.6⋅104 L mol-1 

cm-1), 361 nm (ε = 5.1⋅104 L mol-1 cm-1) and 343 nm (ε = 3.0⋅104 L mol-1 cm-1). We note that 

the normalization of the spectra was performed because R-NDI had only one NDI 

chromophore and hence only half the molecular absorptivity as the double NDIs. In contrast 

to the fluorescence spectrum recorded for R-NDI, the spectra recorded for the double NDIs 

showed additional fluorescence at longer wavelengths (around 550 nm). Within the series, 

the additional fluorescence band was most apparent for NDI-C6-NDI and least apparent for 

NDI-C7-NDI. As noticed in Figure 5.3b, the intensity of the additional fluorescence band 

followed an odd-even effect for the series of homologues. Upon the transition from an odd 

to an even homologue, the fluorescence intensity was strongly increased. In contrast, the 

transition from an even homologue to an odd homologue resulted only in a small increase 

or in most cases even a decrease of the fluorescence intensity. The noticed absorption 

bands were assigned to characteristic π-π* transitions of the NDI chromophore in the 

molecularly dissolved state.[72] Since the absorption spectra did hence not indicate the 

formation of aggregates and all spectra were also recorded in dilute solutions (1.3 ∙ 10-5 

mol/L), the additional fluorescence band that was noticed for the double NDIs at 550 nm 

was ascribed to intramolecular excited dimer (excimer) formation.[63,73]  

Literature studies on compounds containing two or more chromophores that were 

connected by a flexible alkyl spacer reported on a strong impact of the length of the spacer 

and the formation of intramolecular excimers, too. Hirayama[74] reported on the 

intramolecular excimer formation in diphenyl and triphenyl alkanes. The study showed that 

excimers were formed only when the alkyl spacer that connected the two phenyl rings 

contained exactly three methylene groups. The absence of excimer formation for 

compounds with different alkyl spacer lengths was ascribed to conformational restrictions 
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which prevented the formation of the π-stacked arrangement of the excimer.[74] Mattice 

and coworkers investigated the excimer formation of bifunctional compounds containing 

the naphthalene,[75] naphthol[76] or pyrene[77] chromophores which are structurally related 

to the NDI motif. For bifunctional naphthalene and naphthol derivatives, the formation of 

excimers was noticed for alkyl spacers containing two to six methylene groups. The highest 

excimer emission with respect to the emission of the monomer was found when the 

chromophores were connected by two or three methylene groups.[75,76] For the bispyrenes, 

the intensity of the excimer fluorescence was found to depend both on the length of the 

alkyl spacer and the viscosity of the solvent. In a 9:1 solvent mixture of methanol and 

ethylene glycol, the highest relative excimer fluorescence within the series was found when 

the chromophores were linked by five or six methylene groups. When the relative excimer 

fluorescence within the series was determined in pure ethylene glycol which is more 

viscous, a different trend was found. The series exhibited an odd-even effect and the highest 

relative fluorescence was measured when the pyrenes were connected by three methylene 

groups.[77] Since pyrene and NDI chromophores are structurally related and chloroform is a 

low viscosity solvent such as the 9:1 solvent mixture of methanol and ethylene glycol, 

determining the highest relative excimer fluorescence for NDI-C6-NDI was in agreement 

with this literature report. The somewhat unexpectedly low excimer fluorescence of NDI-

C5-NDI and remaining discrepancies between the two systems were ascribed to the 

differences in the chemical structures that include the type of chromophores and the 

attachment position of alkyl spacer as well as the different solvent. 

Thin films were prepared by drop-casting concentrated chloroform solutions onto 

microscope glass slides. Owing to the preparation technique, the thins films were not 

uniform and the absorption spectra were normalized to simplify the comparison of the data. 

The absorption spectra recorded for all thin films looked very similar, contained scattering 

contributions and showed a 10 nm red-shift of the characteristic π-π* transitions with 

respect to the absorption spectra recorded in solution (Figure 5.3c). All samples exhibited 

broad fluorescence bands that showed an increasing intensity with an increasing 

wavelength. After the fluorescence data was corrected for differences in absorption and 

normalized, also here, an odd-even effect was observed (Figure 5.3d). Both scattering 

contributions and the red-shifts of the absorption bands were ascribed to the aggregation 

of the compounds and were in accordance with literature reports on structurally related 

single NDIs.[65] 
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Figure 5.3: (a) UV/Vis (solid trace) and fluorescence (dashed trace, λex = 356 nm) spectra 
recorded for chloroform solutions of NDI-C6-NDI and NDI-C7-NDI, concentration 1.3 ∙ 10-5 
mol/L. (b) Variation of the fluorescence intensity measured at 550 nm for all homologues. 
(c) UV/Vis (solid trace) and emission (dashed trace, λex = 365 nm) spectra recorded for drop-
casted thin films of NDI-C6-NDI and NDI-C7-NDI. (d) Variation of the fluorescence intensity 
measured at 565 nm for all homologues. Before normalization, the fluorescence spectra 
were corrected for differences in thickness via division by the measured optical density. 

5.4 Physisorbed self-assembled monolayers formed at the solution/HOPG interface 

5.4.1 Structural details of the monolayers formed within the series of homologues 

In order to characterize the surface morphologies formed by the double NDIs with 

different spacer lengths at the HOPG/1-phenyloctane interface, physisorbed self-assembled 

monolayers were prepared and studied by STM. The study was performed in collaboration 

with Robby Reynaerts and Kunal Mali from prof. Steven De Feyter’s group at the Katholieke 

Universiteit Leuven. Given the low solubility of the double NDIs in 1-phenyloctane (boiling 

point of 261-263 °C), a typical solvent used for STM experiments, the self-assembled 

monolayers were obtained by drop casting saturated solutions onto freshly cleaved HOPG 

substrates. Drop-casting was followed immediately by creating a solution flow by absorbing 

the excess solution using a clean tissue paper since flow-deposition is a known procedure 

to increase the domain size of physisorbed self-assembled monolayers.[33] Flow-deposition 

was followed by annealing the samples at 100° C for 10 minutes. The HOPG substrates were 
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allowed to slowly cool down to room temperature before the STM measurements were 

performed.  

Using these conditions to prepare the samples, all double NDIs (except for NDI-C4-NDI 

whose solubility was too low) could be imaged. High resolution STM (HR-STM) images of 

the monolayers are provided in Figure 5.4. Corresponding unit cell parameters are given in 

Table 5.1. The images indicate the formation of double lamellar structures for all 

compounds. In general, the double lamellar structures consist of alternating bright and dark 

columns. The bright columns always have a similar width and are separated by a narrower 

dark column on the one side (grey arrows in Figure 5.4) and a wider dark column on the 

other (green arrows in Figure 5.4). Within the series of compounds, the STM images clearly 

reveal a variation of the width of the narrower dark column. The narrower dark column was 

assigned to the adsorption of the alkyl spacer connecting two NDI cores. The broader dark 

columns were attributed to the terminal octadecyl chains and the bright columns to the 

adsorbed NDI cores. 

To analyze the morphologies of the monolayers in more detail, we built molecular 

models. The molecular models are also shown in Figure 5.4 and positioned right next the 

STM images of the monolayer of the corresponding double NDI. Figure 5.4a and b show the 

HR-STM image of the monolayer and corresponding molecular model of NDI-C3-NDI. Both 

images show two different modes of adsorption and also the front at which these two 

regimes meet. In the hereinafter-called ‘collinear’ conformation (marked in red in Figure 5.4 

b), the octadecyl chains attached to one NDI lamella are collinear and fully interdigitated 

with the octadecyl chains attached to the neighboring NDI lamella. In the second type of 

adsorption the hereinafter-called ‘non-collinear’ conformation (marked in blue in Figure 5.4 

b), the octadecyl chains are non-collinear with respect to each other and not fully 

interdigitated with the octadecyl chains of the neighboring NDI lamella. We note that the 

width of the octadecyl lamella remains the same irrespective of the adsorption 

conformation. Additionally, the two covalently connected NDI cores of NDI-C3-NDI are 

always in a syn-arrangement with respect to each other. Similar to NDI-C3-NDI, NDI-C5-NDI 

showed the adsorption into double lamellar structures in which collinear and non-collinear 

regimes coexisted. Additionally, the two covalently connected NDI cores were arranged in 

the syn-conformation, too. In contrast, all remaining double NDIs (NDI-C6-NDI – NDI-C12-

NDI) strongly preferred the adsorption in the non-collinear conformation. The STM images 

of the monolayers formed by these homologues indicated that the covalently connected 

NDI cores were always adsorbed in the anti-arrangement. 
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Figure 5.4: Representative high-resolution STM images (a, c, e, g, i, k, m, o, q) and 
corresponding molecular models (b, d, f, h, j, l, n, p, r) of the monolayers formed by the 
double NDIs at the 1-phenyloctane/HOPG interface. Imaging parameters: (a) Vbias = -1.0 V, 
Iset = 90 pA; (c) Vbias = -1.1 V, Iset = 110 pA; (e) Vbias = -0.5 V, Iset = 120 pA; (g) Vbias = -0.6 V, Iset 
= 100 pA; (i) Vbias = -0.6 V, Iset = 130 pA; (k) Vbias = 0.8 V, Iset = 110 pA; (m) Vbias = 0.5 V, Iset = 
110 pA; (o) Vbias = -0.7 V, Iset =130 pA; (p) Vbias = -1.35 V, Iset = 80 pA. The orientation of the 
HOPG axes and the unit cell are given in black. 



    Chapter 5 

135 
 

The common structural element that distinguishes the non-collinear regime from the 

collinear regime in the monolayers of our double NDIs, is the sharp bend (between 30° to 

60°) that is observed in the terminal octadecyl chains. While alkyl chains are flexible and 

thus can form curved structures upon surface adsorption, the sharp bend indicates the 

formation of a kink that involves the partial desorption of the otherwise straight alkyl chain 

from the surface.[78] The molecular models presented above enforce this kink by introducing 

a gauche defect between the C2 and the C3 carbons of the terminal octadecyl chains. The 

coinciding presence of two modes of adsorption of the alkyl sidechains has also been 

reported for self-assembled monolayers of single NDIs and has been ascribed to the very 

similar potential energies of the two states.[14,38] Similar sharp angles as observed for our 

double NDIs have also been reported for the on-surface self-assembly of a hexadecyl 

substituted single NDI.[59] Based on DFT calculations, it was argued that the partial 

desorption of the methylene group in the kinked conformation avoids the steric repulsion 

between the carbonyl group of the NDI core and the α-CH2 group of the alkyl chain. In 

addition, the bent conformation was also found to increase the overall density of the 

lamellar structures which added an energetically favorable contribution to the overall 

adsorption energy of the monolayer.[59] 

Observing the syn- and anti-arrangement of the covalently connected NDI core is 

somewhat similar to the work by Kim et al.[51] The literature report described the adsorption 

of dicarbamates on HOPG surface which were both connected and terminated by alkyl 

chains. Depending on the number of the methylene groups in the central alkyl chain that 

was absorbed flat and in all-anti conformation to the HOPG surface, either a syn- or an anti-

arrangement of the carbamates and the terminal side chains was observed. The syn-

arrangement was observed for the compounds that contained alkyl spacers with an odd 

number of methylene groups. Analogously, the anti-arrangement was observed for 

compounds containing alkyl spacers with an even number of methylene groups. Since NDI-

C3-NDI and NDI-C5-NDI contained alkyl spacers with an odd parity, the observed syn-

arrangement of the NDI cores in the monolayers satisfied our expectations. Analogously, 

the anti-arrangement for NDI-C6-NDI, NDI-C8-NDI, NDI-C10-NDI and NDI-C12-NDI fulfilled 

the rational, too. In contrast, observing the anti-arrangement for the monolayers of NDI-

C7-NDI, NDI-C9-NDI and NDI-C11-NDI was somewhat surprising. The suspension of the odd-

even effect suggested that for these homologues, the central alkyl chain was not adsorbed 

flat in the all-anti conformation. In order to understand the structural origin of the 

observation better, we compared the unit cell parameters ‘b’ of the monolayers formed by 

NDI-C7-NDI – NDI-C11-NDI. As easily noticed in Table 5.1, ‘b’ was either not increased or 

even slightly decreased upon the transition from a homologue with an even parity to the 

following homologue with an odd parity. In contrast, the addition of one methylene group 

to a homologue with an odd parity resulted in a notable increase of ‘b’. The peculiar odd-

even trend corroborated the partial desorption of the alkyl spacers with an odd number of 

methylene groups. As noticed in Figure 5.4h, l and p, we simply pointed the central 

methylene group of the alkyl spacer away from the surface while keeping the rest in the 
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same plane to fit the observed structure with the molecular models. Possible reasons for 

the suspension of the odd-even effect are the systems’ striving to the highest packing 

density, a higher entropy by the partial desorption of the alkyl spacer and a better 

interaction of the monolayer with the surface when both NDI cores were arranged in the 

anti-conformation along one axis of the HOPG surface.  

Table 5.1: Unit cell parameters of the lamellar domains formed by NDI-C3-NDI – NDI-C12-
NDI at the 1-phenyloctane/HOPG interface.  

 Unit cell parameters (STM) rel. orientation 

of the NDI cores Entry a [nm] b [nm]  [°] 

NDI-C3-NDI 0.9 ± 0.1 4.4 ± 0.1 87 ± 2 syn 

NDI-C5-NDI 0.9 ± 0.1 4.4 ± 0.1 87 ± 2 syn 

NDI-C6-NDI 0.9 ± 0.1 4.4 ± 0.1 88 ± 1 anti 

NDI-C7-NDI 0.9 ± 0.1 4.4 ± 0.1 89 ± 1 anti 

NDI-C8-NDI 0.9 ± 0.1 4.6 ± 0.2 89 ± 2 anti 

NDI-C9-NDI 0.9 ± 0.1 4.5 ± 0.1 89 ± 1 anti 

NDI-C10-NDI 0.9 ± 0.1 4.8 ± 0.1 86 ± 4 anti 

NDI-C11-NDI 0.9 ± 0.1 4.7 ± 0.1 87 ± 2 anti 

NDI-C12-NDI 0.9 ± 0.1 4.8 ± 0.1 85 ± 1 anti 

 

5.4.2 Structural details at the boundaries of the domains 

Imaging the self-assembled monolayer of NDI-C12-NDI at decreased magnification 

shows that the columns in adjacent domains were oriented at an angle of approximately 

60° with respect to each other. This relative arrangement highlights the influence of the 

underlying graphite substrate lattice on the self-assembly process. The lamellae of NDI-C12-

NDI often showed defects along the lamellar axis as marked by the purple oval in Figure 5.5. 

The defect possibly stemmed from two lamellae meeting each other which initially grew in 

opposite directions and had a slight mismatch in the propagation axis (inset on the right in 

Figure 5.5). The structural transition at this defect is also depicted as a simplified schematic 

next to the STM image.  
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Figure 5.5: Representative large scale STM images showing the self-assembled monolayers 
formed by NDI-C12-NDI at the 1-phenyloctane/HOPG interface. The blue and the red arrows 
show the narrow and the dark columns indicating the adsorption of the spacer and the 
terminal octadecyl chains. The purple oval highlights defects that are formed when two 
lamellae with a slight mismatch in the propagation axes meet. The defect is illustrated 
schematically on the right. Imaging parameters: Vbias = 0.9 V, Iset = 100 pA. 

5.4.3 Transformation of the collinear to the non-collinear regime 

Although the non-collinear adsorption conformation of the octadecyl chains was 

strongly preferred for NDI-C6-NDI – NDI-C12-NDI, we occasionally observed the collinear 

regime for NDI-C11-NDI, too. When investigating the structure over time in a time-

dependent STM experiment, we found that the collinear conformation was transformed 

into the non-collinear conformation (Figure 5.6). The conversion typically occurred within 

two to four minutes and indicated the higher thermodynamic stability of the non-collinear 

regime with respect to the collinear regime. 

 

Figure 5.6: STM images of NDI-C11-NDI at the 1-phenyloctane/HOPG interface showing the 
transition of the collinear surface domain (a) to the non-collinear arrangement (b) within a 
time span of 2 minutes. Imaging conditions: Vbias = -0.7 V, Iset = 130 pA. 
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5.4.4 Formation of very large domains by flow-deposition 

Samples prepared by drop-casting (without the flow deposition step) showed the 

formation of disordered aggregates. After annealing, ordered domains that typically 

spanned 120 nm to 300 nm were obtained. Applying flow deposition[33] resulted in the 

preparation of the largest domains. In some cases, we observed the formation of domains 

that exceeded the surface area of 1 µm2 (Figure 5.7) which suggested that the molecular 

design was excellent for the fabrication of supramolecular structures with long range order. 

 

Figure 5.7: Large scale image of NDI-C12-NDI spanning 1x1 µm. Imaging conditions: Vbias = 
1.4 V, Iset = 90 pA. 

5.5 Thermal properties of all NDIs 

Having characterized the structural details of the surface morphologies, we continued 

our study with the investigation of the bulk properties. The thermal behavior of all 

compounds was investigated in detail by differential scanning calorimetry (DSC) and 

polarized optical microscopy (POM). For the DSC measurements, all samples were heated 

to the isotropic melt, equilibrated and cooled down at a constant rate of 10 K min-1 to 

standardize the thermal history. Subsequently, two heating and cooling cycles were 

recorded by DSC. The data obtained from the second heating cycle (heating rate of 10 

K/min) are summarized in Table 5.2. For the POM study, a small amount of substance was 

placed in between two microscope glass slides and heated until it was isotropically molten. 

POM images were taken while the sample was cooled from the isotropic melt to room 

temperature and heated again to the isotropic melt. Being exemplary for the series, the DSC 

trace of NDI-C11-NDI is depicted in Figure 5.8. Upon heating from room temperature, two 

thermal transitions were noticed. The first transition, whose maximum heat flow is 

indicated by T1, was only weakly endothermic and occurred over a broad temperature 

window that ranged from 90 °C to 150 °C. POM images which were taken below and above 
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T1 showed the presence of similar birefringent textures. Interestingly, fissures appeared 

when cooling the material below T1 and disappeared when heating above T1. A second 

thermal transition was noticed when the temperature was increased to 230 °C. At this 

temperature, the solid material was melted into an isotropic liquid, as evidenced by the loss 

of the birefringence in the POM image. The corresponding thermal phase transition 

temperature was assigned to the melting temperature Tm. 

 

Figure 5.8: Second heating and cooling runs recorded by DSC for NDI-C11-NDI (heating and 
cooling rate = 10 K min-1). The insets are POM images. The images were taken for the 
isotropic melt, after crystallization, when cooled down to 50 °C and after reheating closely 
beneath Tm. White scale bar: 100 µm. 

The remaining homologues showed a very similar thermal phase behavior which 

consisted of two thermal transitions during the heating cycle (except for NDI-C8-NDI that 

showed an additional third thermal transition at T2 = 229 °C; ΔH2 = 7 kJ mol-1) and two 

thermal transitions during the cooling cycle. Since the first thermal transitions of all 

homologues occurred over a similar and rather wide temperature range, it was not possible 

to detect an odd-even effect for T1. In contrast, the melting temperatures Tm of the series 

of homologues depended strongly on the length of the alkyl spacer. As noticed in Figure 

5.9a, Tm of the double NDIs was governed by an odd-even effect. Double NDIs with an even 

parity of the alkyl spacer always had higher melting temperatures Tm than their neighbors 

with an odd parity. Within the series, NDI-C4-NDI showed the highest (Tm = 328 °C) and NDI-

C11-NDI (Tm = 230 °C) the lowest Tm. This observation suggested that Tm was overall 

decreased when the length of the alkyl spacer was increased. For the melting enthalpies 

ΔHm, an odd-even effect was noticed, too (Figure 5.9b). In contrast to the odd-even effect 

of Tm, the odd-even effect of ΔHm was not noticed through-out the entire series. NDI-C8-

NDI, the only homologue that contained a third thermal transition, was an exception from 

the trend. 

Since the POM images taken below and above T1 always showed birefringent structures 

and the samples remained non-shearable until heated to Tm, the transitions occurring at T1 
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were suggesting crystal-crystal transitions. Interestingly, the birefringent structures noticed 

in the POM images above and below T1 looked very similar and were distinguished only by 

the formation of fissures when the sample was cooled below T1. The observation of similar 

fissures during cooling perylene bisimides has been reported by Chesterfield et al.[79] In this 

literature system, the formation of fissures was ascribed to differences in the thermal 

expansion coefficients of the organic material and the microscope glass slide and could be 

avoided completely by reducing the cooling rate to 1 K/min. In case of our double NDIs, 

fissure formation was still observed when cooling was performed at the rate of 1 K/min. A 

recent report on the thermal phase transitions of alkylated single NDIs reported that within 

the series of homologues, Tm was decreased when the length of the side chains was 

increased.[64] The somewhat unexpected trend of decreasing Tm while increasing the 

molecular weight was ascribed to an increasing fusion entropy that stemmed either from 

the larger conformational freedom of the longer alkyl chains in the melt or from their more 

ordered crystal packing in the solid.[64] The structural similarity of our double NDIs with the 

reported single NDIs suggested that the increase of the length of the alkyl spacer resulted 

in increasing the fusion entropy of the double NDIs, too. In line with this argumentation, R-

NDI, which contains exclusively long alkyl chains, was found to reach the isotropic melt 

already at 147 °C which was also in accordance with a literature report on the thermal 

properties of compound by Ichikawa et al.[80] The similarity of the DSC traces recorded for 

the series of the double NDIs was somewhat surprising, since the above-mentioned 

literature report on the single NDIs described the presence of multiple polymorphic 

transitions and liquid crystalline phases for several homologues within the series.[64] We 

conclude that while the length of alkyl spacer in the double NDIs induced strong differences 

in Tm within the series, its size was too small to counter the structural directing effect of the 

terminal octadecyl sidechains which induced the formation of lamellar structures for all 

homologues.  

Since the odd-even effect that was observed for Tm stemmed from periodic changes in 

the crystal packing,[64] and the similarity of the DSC traces indicated no polymorphism for 

the double NDIs, we continued our study with a structural investigation of the bulk 

morphologies at room temperature and the rearrangements occurring at T1 by performing 

X-ray scattering. 
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Figure 5.9: (a) Decrease of Tm in an odd-even fashion when increasing the length of the alkyl 
chain connecting the NDI cores. (b) Variation of the melting enthalpy with the series. 

Table 5.2: Thermal properties of the double NDIs NDI-C3-NDI ‒ NDI-C12-NDI as well as R-
NDI. 

entry NDI[a] T1
[b] [°C] ∆H1

[c] [kJ mol-1] Tm
[b] [°C] ∆Hm

[c] [kJ mol-1] 

1 NDI-C3-NDI 96 41 290 55 

2 NDI-C4-NDI 133 38 328 92 

3 NDI-C5-NDI 121 41 281 70 

4 NDI-C6-NDI 124 50 292 76 

5 NDI-C7-NDI 130 45 258 75 

6 NDI-C8-NDI 128 38 273 77 

7 NDI-C9-NDI 124 35 245 83 

8 NDI-C10-NDI 132 27 250 88 

9 NDI-C11-NDI 125 30 233 85 

10 NDI-C12-NDI 132 37 239 86 

11 R-NDI[e] 139 15 147 47 

[a] Molecules as depicted in Scheme 5.1; [b] Tabularized temperatures for the first 
endothermic transition (T1) and second endothermic transition (Tm) are the local maxima in 
heatflow during the second heating cycle in the DSC trace using a heating rate of 10 K min-

1; [c] corresponding enthalpy of fusion per mole molecule (ΔH1 and ΔHm, respectively); [d] 
NDI-C8-NDI showed an addition transition at T2 = 229 °C, ΔH2 = 7 kJ mol-1; [e] R-NDI melts at 
T1 and forms a liquid crystalline phase. For this compound, Tm represents the clearing 
temperature. 
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5.6 Morphologies observed by X-ray scattering in bulk 

To determine the bulk morphologies and corresponding domain spacings, the packing 

of the NDI bulk materials was investigated by X-ray scattering. Since we were not able to 

grow single crystals of our compounds, we could not determine the crystal structure by 

single crystal X-ray crystallography and performed the X-ray scattering study on 

polycrystalline samples instead. The samples were prepared by placing the NDIs in SAXS 

capillaries, heating them to the isotropic melt and cooling down slowly. Subsequently, 2D 

transmission scattering data were acquired in medium- and wide-angle modes (MAXS and 

WAXS, 0.1 < q < 30 nm-1). Radial averaging resulted in one-dimensional (1D) transmission 

scattering profiles that captured feature sizes in a range of 0.2 – 60 nm. The scattering 

profiles of all double NDIs are depicted in Figure 5.10, with the R-NDI as a reference. All 

NDIs exhibited well-structured, lamellar lattices, as indicated by the sharp, equally spaced 

scattering peaks in the MAXS region (labelled with q*, √4q*, √9q*, …). For NDI-C6-NDI and 

NDI-C8-NDI, the presence of a second lamellar lattice was noticed. For these two 

compounds, the sets of scattering peaks were labelled as q* and q2*, respectively. Both sets 

of reflections remained unaltered after heating the samples again and annealing for several 

minutes before cooling slowly to room temperature. The lamellar spacings dLAM of all crystal 

lattices are listed in Table 5.3. The graph in Figure 5.11 shows the variation of dLAM with an 

increasing length of the alkyl spacer. With NDI-C8-NDI being an exception, dLAM was always 

increased by lengthening the alkyl spacer. Additionally, the increase of dLAM followed an 

odd-even trend. Until reaching NDI-C8-NDI, dLAM was increased noticeably upon the 

transition from a homologue with an odd number of methylene groups in the alkyl spacer 

to a homologue with an even parity. In contrast, the transition from a homologue with an 

even number of methylene groups in the alkyl spacer to a homologue with an odd parity 

resulted in a small increase of dLAM only. The odd-even effect of dLAM was less apparent for 

the homologues that succeeded NDI-C8-NDI.  
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Figure 5.10: 1D transmission scattering profiles obtained for the double NDIs at room 
temperature. 

The scattering peaks at 18.5 – 18.7 nm-1 were indicative of the crystallization of the alkyl 

chains in the all-anti conformation.[81] The combination of the lamellar morphology and the 

observed crystalline alkyl chain domains suggested the formation of microphase-

segregated 2D sheets that contained alternating crystalline NDI and alkyl lamellae. This type 

of microphase-segregation has also been described for alkylated single NDIs and was 

assigned to the formation of van der Waals interactions between the alkyl chains and the 

aggregation of the NDI cores.[14,38,58,82] To further probe for the suggested formation of the 

microphase- segregated NDI and alkyl sheets, we used molecular modelling to calculate the 

lengths of the NDI-CxH2x-NDI-C18H37-elements in the fully stretched conformation. The 

comparison of the calculated values with the experimentally determined dLAM (Table 5.3) 

shows that dLAM of the first set of reflexes was always very similar but slightly larger than 

the length of the NDI-CxH2x-NDI-C18H37-element. Considering that in the crystal, the 

octadecyl chains were only interdigitated and not covalently linking two NDI cores, the 

somewhat bigger size of the experimentally determined dLAM was in agreement with the 

proposed arrangement of the double NDIs in the fully stretched conformation (illustrated 
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schematically in Figure 5.12a). The second set of reflexes found for NDI-C6-NDI and NDI-C8-

NDI was indicative the formation of a second lamellar lattice stemming from a second 

crystalline polymorph which interestingly had not been noticed in the DSC traces. When 

comparing the dimensions of the two lamellar lattices for each derivative, we found noticed 

that dLAM of the second lattice was approximately 1 nm (1.1 nm for NDI-C6-NDI and 0.7 nm 

for NDI-C8-NDI) smaller than dLAM of the first lattice. One possible arrangement that can 

explain the reduced dLAM and still contains fully stretched terminal alkyl chains was achieved 

by the backfolding of the second NDI core on the first. The proposed structure of this second 

crystal polymorph is shown schematically in Figure 5.12b. 

 

Figure 5.11: Lamellar domain spacing dLAM of double NDIs obtained from X-ray scattering as 
a function of the number of carbon atoms in the alkyl chain connecting the two NDI motifs. 
For NDI-C6-NDI and NDI-C8-NDI, two lamellar structures with different lamellar thickness 
were observed. 

 

Figure 5.12: (a) Pictorial representations of the molecular packing of NDIs in bulk as a fully 
stretched and (b) backfolded arrangement. 
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Subsequently, variable-temperature (VT) X-ray measurements were performed to 

capture structural transformations that related to the transition observed at T1 in the DSC 

traces. NDI-C11-NDI was chosen for this type of experiment since it had the lowest melting 

temperature Tm. A selection of 1D transmission scattering profiles recorded at variable 

temperatures is depicted in Figure 5.13. When the temperature of the heating element was 

increased to 260 °C, NDI-C11-NDI’s temperature was well above T1 but still below Tm. In this 

regime we observed an increase of dLAM from 5.7 nm to 6.0 nm. Furthermore, the scattering 

peaks in the wide-angle region (q > 8 nm-1) changed. A third lamellar lattice appeared next 

to the second lamellar lattice when the heating element that contained the sample was 

heated to 270 °C. The reflexes of the lattice are labelled by q3* and its integer multiples 

(√4q3*, √9q3*...). The corresponding dLAM was increased further to 7.0 nm. At 280 °C, only 

this third lamellar structure remained. Heating and annealing the sample for a longer period 

at this temperature induced melting which was accompanied by the scattering peaks in the 

WAXS region disappearing. 

Changes of the scattering peaks in the wide-angle region (q > 8 nm-1) during heating 

indicated a transition in the local crystal packing. The successive widening of the lamellar 

lattice of NDI-C11-NDI upon heating was most likely stemming from the aliphatic side chains 

becoming somewhat mobile. The thermal behavior was in contrast to the thermal 

rearrangements reported for several alkylated single NDIs where heating was found to 

induce the formation of more complex crystal structures.[64] The observed widening of the 

lamellar lattice was also corroborating the proposed microphase-segregated sheetlike 

structure. Initially, heating only weakened the cohesion of the octadecyl chain sheets. 

Strongly aggregated NDI cores retained the 2D sheet morphology and were melted only at 

higher temperatures. 
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Figure 5.13: 1-D transmission scattering profiles for NDI-C11-NDI at various temperatures. 
The indicated temperatures state the temperature of the heating element and not the 
temperature of the sample with is presumably lower. 

5.7 Comparison of the morphologies formed on surface and in bulk 

Although we observed the formation of lamellar phases both on surface and in bulk 

material, a direct comparison between the structures formed in both media is not 

straightforward due to the differences in the interactions between the molecules in the two 

environments.38 The two main differences between the two media are the confined nature 

of the 2D self-assembly process and the presence of the solid substrate and solvent 

molecules at the solution-solid interface. These two factors are absent in the bulk 

crystallization scenario. The ‘structure directing’ effect of the graphite lattice on self-

assembled monolayers of alkylated systems is well-documented[32,83] and was also noticed 

in the present case. In the conformations that were observed in the self-assembled 

monolayers, the terminal alkyl chains and possibly also the long alkyl spacers (although not 

observed clearly in STM images) are always oriented along one of the symmetry axes of the 

underlying HOPG substrate. Such ‘structure directing’ influence of the substrate is absent 

in the case of the bulk crystalline phase. The non-collinear adsorption regime observed in 

monolayers indicated that the molecule-substrate interaction at the level of the single 

molecule was a dominant factor in the stabilization of the monolayer. Intermolecular 

interactions such as the van der Waals interactions between the terminal alkyl chains also 

contribute to the stabilization of the monolayers on the HOPG surface.[14,38] In the case of 

bulk crystallization, the van-der-Waals interactions between the alkyl chains and dipolar (-

stacking) interactions between the NDI cores are expected to have a dominant influence on 



    Chapter 5 

147 
 

the structure formation. We note that both these factors were absent in the case of 

monolayers. The impact of the respective interactions on the size of the structural repeating 

units in both media can be investigated by comparing dLAM with the unit cell parameter ‘b’ 

on surface. In bulk material, dLAM is always slightly larger than the corresponding H37C18-NDI-

CxH2x-NDI-element (Table 5.3) which suggests interdigitated molecules in a fully stretched 

conformation. The unit cell parameters ‘b’ on surface represents the same crystal axis of 

the lamellar phase in bulk. In contrast to dLAM, ‘b’ increases only marginally with an 

increasing length of the central alkyl chain. When the length of the alkyl spacer is five 

methylene groups or more, ‘b’ becomes even smaller than the corresponding H37C18-NDI-

CxH2x-NDI-element. Since a literature report on octadecyl substituted NDIs[38] and the STM 

images suggested that the octadecyl chains are stretched out flat, the central alkyl chains 

have to be partially desorbed to reduce the unit cell along the long axis which is also similar 

to a system reported by Schwab et al.[78] 

Table 5.3: Domain spacings of the lamellar morphologies formed by the double NDIs NDI-
C3-NDI ‒ NDI-C12-NDI as well as R-NDI and in bulk and at the 1-phenyloctane/HOPG 
interface. The length of the double NDI derivatives was also estimated based on the 
molecular dimensions. 

entry 

 

NDI[a] dLAM X-Ray[b] [nm] dLAM calc.[c] [nm] b (STM) [nm]  

1 NDI-C3-NDI 4.5 4.2 4.4 ± 0.1 

2 NDI-C4-NDI 5.2 4.4 n.d. 

3 NDI-C5-NDI 5.2 4.5 4.4 ± 0.1 

4 NDI-C6-NDI 5.3 (4.2)[d] 4.6 4.4 ± 0.1 

5 NDI-C7-NDI 5.4 4.7 4.4 ± 0.1 

6 NDI-C8-NDI 5.1 (4.4)[d] 4.8 4.6 ± 0.2 

7 NDI-C9-NDI 5.6 5.0 4.5 ± 0.1 

8 NDI-C10-NDI 5.6 5.1 4.8 ± 0.1 

9 NDI-C11-NDI 5.7 5.2 4.7 ± 0.1 

10 NDI-C12-NDI 5.8 5.4 4.8 ± 0.1 

11 R-NDI 3.8 3.2 n.d. 

[a] Molecules as depicted in Scheme 5.1; [b] Lamellar domain spacing of the bulk phase 
examined with MAXS at room temperature and calculated from d = 2π/q*; [c] Length of the 
H37C18-NDI-CxH2x-NDI-element determined by molecular modelling which is the structural 
repeating unit as depicted in Figure 5.12; [d] The double lamellar domain spacing was 
observed. The smaller spacing, which is corresponding to q2* (Figure 5.10), is reported in 
brackets.  
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5.8 Conclusions 

A novel series of ten double NDIs was prepared and their self-assembly was explored on 

HOPG surfaces and in bulk. All materials (except NDI-C4-NDI whose solubility was too low 

for an investigation) formed self-assembled monolayers on HOPG surface. The monolayers 

formed by all compounds had a double lamellar morphology in common which stemmed 

from the double NDIs being arranged in a fully stretched conformation. The investigation of 

the structural details of the monolayers showed that the adsorption of the terminal 

octadecyl chains occurred in two modes, namely in the collinear and in the non-collinear 

orientation. The length of the NDI connecting alkyl chain set the distance between the 

adsorbed NDI cores which were arranged either in the syn- or an anti-orientation. Whereas 

the syn orientation was observed for the compounds with an alkyl spacer that was 

containing three or five methylene groups, an anti-orientation was observed for all other 

derivatives. The unexpected anti-orientation of the derivatives with an alkyl spacer 

containing seven, nine or eleven methylene groups was ascribed to the partial desorption 

of the spacer. X-ray scattering experiments indicated the formation of lamellar lattices for 

all compounds in the solid state. Within the lattices, NDI cores and alkyl chains were 

arranged in alternating 2D sheets. When comparing the domain spacings of the crystalline 

bulk materials with the unit cells of the monolayers, we observed that the structural 

repeating units of the surface patterns were always slightly shorter than those of the bulk 

materials. The discrepancy of the values was relatively small for compounds with a short 

NDI connecting alkyl chain and increased with an increasing length of the alkyl chain. In 

congruence with molecular models of the imaged structures, this observation was ascribed 

to the partial desorption of the central alkyl chain.  

Despite the fundamental differences of the interactions inducing the formation of 

supramolecular structures at the HOPG/1-phenyloctane interface and in bulk material, all 

presented double NDIs formed structurally similar lamellae in both media. However, subtle 

differences were identified when investigating the structural details. Whereas the partial 

desorption of the central alkyl chain was observed for several derivatives on surface, the 

formation of a second crystalline polymorph was noticed in bulk material. We found that 

the similarities of the structures formed in both media were decreased when the length of 

the central alkyl chain was increased. Such an increasing conformational freedom reduces 

the predictability of the formed structures and needs to be considered when designing 

multicomponent systems for the generation of functional interfaces. In the following 

chapter, we will investigate the stepwise formation of multicomponent assemblies on 

HOPG surface by the addition of mono- and bifunctional electron-rich compounds on top of 

the NDI double lamellae. 
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5.9 Experimental Section 

5.9.1 Materials and Methods 

All chemicals were purchased from commercial sources (TCI Chemicals, Sigma-Aldrich and abcr) and used without 
further purification. The solvents were purchased and treated as stated in Chapter 2. Silica column purification and 
chemical characterization (1H and 13C NMR, FT-IR and MALDI-TOF) was performed on the machines stated in 
Chapter 2. Samples for polarized optical microscopy (POM) imaging were drop casted on glass coverslips, heated 
up above the isotropic melt and slowly cooled (10 °C/min) prior to the measurement. POM, DSC and SAXS was 
performed as stated in Chapter 2. The stock solutions used for the optical measurements were prepared by 
weighing the necessary amount of compound for the given concentration and transferring into a screw-capped 
vial. The desired concentration was adjusted by the addition of solvent using GilsonTM MICROMANTM Positive-
Displacement Pipets. UV/Vis solution measurements were performed using quartz cuvettes with 1 cm optical path. 
Glass substrates for UV/vis and fluorescence measurements of drop-casted films were cleaned by sonication in AR 
grade acetone, water and, finally, AR grade i-propanol for 10 min each. The NDIs were deposited by drop casting 
5 × 10-3 M CHCl3 solutions of each compound on top of the clean and dry glass substrates. The solvent was removed 
by evaporation. UV/Vis spectra of NDI solutions and thin films were recorded on a JASCO V-750 UV/Vis 
spectrometer. Fluorescence spectroscopy was performed on a Perkin Elmer LS 50 B luminescence spectrometer. 
STM samples were prepared by applying a drop of the saturated solution of a given double NDI derivative onto a 
freshly cleaved HOPG surface (HOPG, grade ZYB, Advanced Ceramics Inc., Cleveland, OH) followed by creating a 
solution flow by touching one corner of the HOPG sample with a clean Kimwipe tissue paper after which the sample 
was heated at 100°C for 10 minutes. This annealing step led to evaporation of the solvent. Hence a drop of neat 
solvent was applied to the surface prior to imaging. The STM experiments were carried out using a PicoSPM 
(Agilent) operating in the constant-current mode with the tip immersed in the solution at room temperature. STM 
tips were prepared by mechanical cutting from Pt/Ir wire (80%/ 20%, diameter 0.2 mm). For analysis purposes, the 
imaging of a molecular layer was immediately followed by recording at a lower bias voltage the graphite lattice, 
under otherwise identical experimental conditions. The STM images were corrected for drift via Scanning Probe 
Image Processor (SPIP) software (Image Metrology ApS), using the recorded graphite images for calibration 
purposes, allowing a more accurate unit cell determination. The unit cell parameters were determined by 
examining at least 5 images and only the average values are reported. After the determination of the unit cell from 
the acquired STM images, a molecular model of the observed monolayer was constructed using HyperChemTM 
Professional 8.0.1 program. First, a molecular model for a single molecule was built. The model of the entire 
monolayer was constructed by placing the molecules in accordance with the unit cell parameters obtained from 
the analysis of the calibrated STM images. The imaging parameters are indicated in the figure caption: tunneling 
current (Iset), and sample bias (Vbias). 
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5.9.2 Synthetic procedures 

Synthesis of 2-octadecyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinoline-6,7-dicarboxylic acid (NMI) 

 

1,4,5,8-Naphthalenetetracarboxylic dianhydride (1.80 g, 6.7 mmol, 2.5 eq.) and octadecylamine (0.72 g, 2.7 mmol, 
1 eq.) were suspended in 12 mL DMF and 10 mL THF. The mixture was sonicated for 3 minutes. A microwave 
reactor was used to heat the mixture to 75 °C. The temperature was held for 5 min and subsequently increased to 
140 °C. After the temperature had been held for another 5 min, the reaction mixture was allowed to cool down to 
room temperature again. The mixture was added to 150 mL 1 M aqueous NaOH solution. The mixture was filtered 
and the filter cake was dispersed in 100 mL 1 M HCl. A second filtration and subsequent drying afforded a beige 
solid that was used without further purification. 2-Octadecyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinoline-6,7-
dicarboxylic acid was obtained in 95% yield (1.38 g, 2.6 mmol). 

FT-IR (cm-1): 2917 (s), 2849 (s), 1703 (s), 1655 (s), 1582 (w), 1519 (w), 1452 (m), 1389 (w), 1348 (s), 1271 (m), 1256 
(m), 1242 (m), 1155 (w), 1091 (m), 1026 (w), 944 (w), 877 (w), 831 (w), 805 (w), 766 (s), 720 (m), 689 (w), 644 (w), 
594 (w), 561 (w), 483 (w), 429 (m). 

Synthesis of the double NDIs NDI-C3-NDI - NDI-C12-NDI 

 

2-Octadecyl-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinoline-6,7-dicarboxylic acid 1 and a diamine (the scope of 
substrates was 1,3-diaminopropane to 1,12-diaminododecane) were suspended in 12 mL DMF and 10 mL THF. The 
exact amounts of the used materials for the individual reactions are given in Table 4.4. The mixture was sonicated 
for 3 minutes. A microwave reactor was used to heat the mixture to 75 °C. The temperature was held for 5 min 
and subsequently increased to 140 °C. After the temperature had been held for another 25 min, the reaction 
mixture was allowed to cool down to room temperature again. The mixture was added to 150 mL water and 
filtration was performed. The filter cake was dried and recrystallized from chloroform. In case of 1,3-
diaminopropane, recrystallization was performed from toluene. All compounds were obtained as beige solids. 

Synthesis of 2,7-dioctadecylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (R-NDI) 

 

1,4,5,8-Naphthalenetetracarboxylic dianhydride (0.6 g, 2.2 mmol, 1 eq.) and octadecylamine (1.2 g, 4.5 mmol, 
2 eq.) were suspended in 12 mL DMF and 10 mL THF. The mixture was sonicated for 3 minutes. A microwave 
reactor was used to heat the mixture to 75 °C. The temperature was held for 5 min and subsequently increased to 
140 °C. After the temperature had been held for further 25 min, the reaction mixture was allowed to cool down to 
room temperature again. The mixture was added to 150 mL 1 M aqueous NaOH solution. Filtration afforded a 
beige solid that was recrystallized from toluene. 2,7-dioctadecylbenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-
tetraone was obtained in 86% yield (1.47 g, 1.9 mmol). 
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Table 5.4: Overview over the amounts of substance used for the synthesis of NDI-C3-NDI - NDI-C12-NDI as well as 
the isolated yields. 

№ NDI Amount of 3 Used amine Amount of amine yield 

1 NDI-C3-
NDI 

814 mg (1.5 
mmol, 2.1 eq.) 

1,3-
Diaminopropane 

53 mg (0.72 mmol, 1 eq.) 291 mg (0.27 mmol, 
38%) 

2 NDI-C4-
NDI 

600 mg (1.1 
mmol, 2.1 eq.) 

1,4-
Diaminobutane 

46 mg (0.53 mmol, 1 eq.) 203 mg (0.18 mmol, 
35%) 

3 NDI-C5-
NDI 

600 mg (1.1 
mmol, 2.1 eq.) 

1,5-
Diaminopentane 

54 mg (0.53 mmol, 1 eq.) 476 mg (0.43 mmol, 
81%) 

4 NDI-C6-
NDI 

1 g (1.86 
mmol, 2 eq.) 

1,6-
Diaminohexane 

108 mg (0.84 mmol, 1 
eq.) 

565 mg (0.50 mmol, 
60%) 

5 NDI-C7-
NDI 

700 mg (1.3 
mmol, 2.1 eq.) 

1,7-
Diaminoheptane 

80 mg (0.6 mmol, 1 eq.) 415 mg (0.37 mmol, 
61%) 

6 NDI-C8-
NDI 

700 mg (1.3 
mmol, 2.1 eq.) 

1,8-
Diaminooctane 

98 mg (0.6 mmol, 1 eq.) 240 mg (0.21 mmol, 
34%) 

7 NDI-C9-
NDI 

600 mg (1.1 
mmol, 2 eq.) 

1,9-
Diaminononane 

88 mg (0.6 mmol, 1 eq.) 442 mg (0.38 mmol 
62%) 

8 NDI-
C10-NDI 

651 mg (1.2 
mmol, 2.1 eq.) 

1,10-
Diaminodecane 

99 mg (0.6 mmol, 1 eq.) 425 mg (0.36 mmol, 
60%) 

9 NDI-
C11-NDI 

620 mg (1.2 
mmol, 2.1 eq.) 

1,11-
Diaminoundecane 

102 mg (0.6 mmol, 1 eq.) 434 mg (0.36 mmol, 
66%) 

10 NDI-
C12-NDI 

600 mg (1.1 
mmol, 2 eq.) 

1,12-
Diaminododecane 

111 mg (0.6 mmol, 1 eq.) 423 mg (0.35 mmol, 
58%) 

Chemical characterization of all NDIs: 

NDI-C3-NDI: 1H NMR (500 MHz, TCE-d2) δ [ppm] = 8.74 (q, J = 7.6 Hz, 8H), 4.41 (t, J = 7.1 Hz, 4H), 4.23 (t, J = 7.1 Hz, 
4H), 2.35 (p, J = 7.4 Hz, 2H), 1.80 (p, J = 7.3 Hz, 4H), 1.32 (s, 60H), 0.93 (t, J = 6.8 Hz, 6H). 

13C NMR (126 MHz, TCE-d2): δ [ppm] = 162.65, 162.45, 130.72, 130.58, 126.72, 126.56, 126.32, 40.88, 38.61, 32.99, 
29.45, 29.43, 29.40, 29.38, 29.35, 29.31, 29.06, 27.95, 26.94, 26.57, 22.42, 16.25. MALDI/TOF found 1076.70 m/z 
(calculated 1077.46). FT-IR: 2956 (w), 2920 (s), 2850 (m), 1703 (m), 1661 (s), 1581 (m), 1455 (m), 1383 (m), 1345 
(s), 1270 (w), 1250 (s), 1220 (w), 1161 (m), 1089 (m), 1061 (m), 960 (w), 891 (m), 809 (w), 770 (s), 720 (m), 711 (w), 
614 (w), 563 (m), 439 (m), 427 (m). 

NDI-C4-NDI: 1H NMR (500 MHz, TCE-d2): δ [ppm] = 8.76 (s, 8H), 4.32 (t, J = 7.6 Hz, 4H), 4.23 (t, J = 7.6 Hz, 4H), 1.91 
– 1.25 (m, 68H), 0.94 (d, J = 7.0 Hz, 6H).4 MALDI/TOF found 1090.72 m/z (calculated 1090.68). FT-IR: 2955 (w), 2919 
(s), 2847 (m), 1704 (m), 1654 (s), 1581 (m), 1463 (m), 1454 (m), 1376 (m), 1337 (s), 1269 (s), 1242 (s), 1160 (m), 
1087 (m), 977 (m), 889 (m), 807 (w), 769 (s), 723 (m), 617 (w), 565 (m). 

NDI-C5-NDI: 1H NMR (500 MHz, TCE-d2): δ [ppm] = 8.78 – 8.69 (m, 8H), 4.23 (t, J = 7.4 Hz, 4H), 4.22 (t, J = 7.4 Hz, 
4H), 1.91 (p, J = 7.8 Hz, 4H), 1.80 (p, J = 7.6 Hz, 4H), 1.62 (p, J = 7.8 Hz, 2H), 1.31 (s, 60H), 0.93 (t, J = 6.7 Hz, 6H). 13C 
NMR (126 MHz, TCE-d2): δ [ppm] = 162.58, 162.50, 130.66, 130.59, 126.61, 126.47, 48.88, 45.18, 29.45, 29.41, 
29.31, 29.11, 29.07, 27.95, 27.58, 22.42, 13.85. MALDI/TOF found 1104.73 m/z (calculated 1104.69). FT-IR: 2919 
(s), 2847 (m), 1703 (m), 1654 (s), 1581 (m), 1455 (m), 1375 (m), 1332 (s), 1244 (s), 1196 (w), 1154 (w), 1090 (w), 
1075 (m), 975 (m), 889 (m), 808 (w), 768 (s), 723 (m), 612 (w), 599 (m), 566 (m). 

 NDI-C6-NDI: 1H NMR (500 MHz, TCE-d2) δ [ppm] = 8.75 (s, 8H), 4.23 (t, J = 7.4 Hz, 4H), 4.22 (t, J = 7.4 Hz, 4H), 1.88 
– 1.74 (m, 12H), 1.31 (s, 60H), 0.93 (t, J = 6.8 Hz, 6H). 

13C NMR (126 MHz, TCE-d2) δ [ppm] = 162.58, 162.54, 130.67, 130.63, 126.86, 126.60, 126.51, 40.90, 35.56, 31.69, 
29.46, 29.44, 29.42, 29.37, 29.32, 29.11, 29.09, 27.96, 27.81, 26.94, 26.56, 23.09, 22.44, 18.58, 13.86. MALDI/TOF 

 
4 The solubility of NDI-C4-NDI was too low to obtain 13C nuclear magnetic resonance spectra. 
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found 1118.79 m/z (calculated 1118.71). FT-IR: 2919 (s), 2847 (m), 1703 (m), 1655 (s), 1581 (m), 1454 (m), 1374 
(m), 1338 (s), 1329 (s) 1251 (s), 1157 (m), 1086 (m), 1015 (w), 993 (m), 965 (w), 890 (m), 807 (w), 768 (s), 724 (m), 
609 (w), 568 (m), 439 (m), 425 (m).  

NDI-C7-NDI: 1H NMR (500 MHz, TCE-d2): δ [ppm] = 8.76 (s, 8H), 4.23 (t, J = 7.6 Hz, 8H), 1.81 (h, J = 8.0, 7.2 Hz, 8H), 
1.55 – 1.24 (m, 66H), 0.93 (t, J = 6.8 Hz, 6H). 13C NMR (126 MHz,TCE-d2): δ [ppm] =  162.56, 162.54, 130.65, 130.62, 
126.58, 126.52, 40.87, 40.73, 31.69, 29.46, 29.44, 29.42, 29.37, 29.32, 29.11, 29.09, 28.72, 27.96, 27.83, 26.94, 
26.73, 22.44, 13.86. MALDI/TOF found 1132.79 m/z (calculated 1133.57). FT-IR: 2919 (s), 2848 (m), 1704 (m), 1654 
(s), 1581 (m), 1455 (m), 1374 (m), 1333 (s), 1257 (w), 1243 (s), 1185 (w), 1154 (w), 1082 (m), 998 (w), 969 (w), 890 
(m), 807 (w), 768 (s), 723 (m), 609 (w), 566 (m), 422 (m). 

NDI-C8-NDI: 1H NMR (500 MHz, TCE-d2): δ [ppm] = 8.77 (s, 8H), 4.22 (t, J = 7.5 Hz, 8H), 1.80 (br, 8H), 1.58 – 1.25 
(m, 68H), 0.93 (t, J = 6.8 Hz, 6H). 13C NMR (126 MHz, TCE-d2): δ [ppm] = 162.55, 130.65, 126.54, 31.69, 29.46, 29.44, 
29.42, 29.37, 29.32, 29.11, 29.09, 28.94, 26.94, 26.82, 22.98, 22.22, 13.86. 

MALDI/TOF found 1146.75 m/z (calculated 1146.74). FT-IR: 2920 (m), 2850 (s), 1702 (m), 1657 (s), 1582 (m), 1455 
(m), 1376 (m), 1338 (s), 1283 (w), 1245 (s), 1182 (w), 1157 (w), 1085 (m), 1018 (w), 967 (w), 890 (m), 809 (w), 768 
(s), 724 (m), 607 (w), 565 (m), 421 (m). 

NDI-C9-NDI: 1H NMR (500 MHz, TCE-d2): δ [ppm] = 8.76 (s, 8H), 4.22 (t, J = 7.4 Hz, 8H), 1.80 (p, J = 7.5 Hz, 8H), 1.51 
– 1.25 (m, 70H), 0.93 (t, J = 6.7 Hz, 6H). 13C NMR (126 MHz, TCE-d2): δ [ppm] = 162.54, 130.63, 126.56, 40.80, 31.69, 
29.46, 29.44, 29.42, 29.37, 29.32, 29.11, 29.09, 28.93, 27.96, 27.88, 26.93, 26.83, 22.44, 13.86. MALDI/TOF found 
1160.84 m/z (calculated 1160.75). FT-IR: 2919 (m), 2848 (s), 1705 (m), 1655 (s), 1581 (m), 1455 (m), 1374 (m), 1333 
(s), 1271 (w), 1243 (s), 1181 (w), 1154 (w), 1084 (m), 972 (w), 889 (m), 808 (w), 768 (s), 723 (m), 608 (w), 565 (m), 
419 (m). 

NDI-C10-NDI: 1H NMR (500 MHz, TCE-d2): δ [ppm] = 8.76 (s, 8H), 4.22 (t, J = 7.5 Hz, 8H), 1.80 (p, J = 7.6 Hz, 8H), 
1.51 – 1.26 (m, 72H), 0.93 (d, J = 6.8 Hz, 6H). 13C NMR (126 MHz, TCE-d2): δ [ppm] = 162.55, 130.63, 126.56, 40.87, 
40.83, 31.69, 29.46, 29.44, 29.42, 29.37, 29.32, 29.17, 29.11, 29.09, 29.01, 27.95, 27.92, 26.94, 26.87, 22.44, 13.86. 
MALDI/TOF found 1174.82 m/z (calculated 1175.65). FT-IR: 2920 (m), 2848 (s), 1705 (m), 1656 (s), 1581 (m), 1455 
(m), 1374 (m), 1347 (m), 1338 (m), 1243 (s), 1220 (w), 1155 (m), 1087 (m), 1058 (w), 1021 (w), 970 (m), 889 (m), 
769 (s), 723 (m), 609 (m), 566 (m), 439 (m), 417 (m). 

NDI-C11-NDI: 1H NMR (500 MHz, TCE-d2): δ [ppm] = 8.76 (s, 8H), 4.22 (t, J = 7.4 Hz, 8H), 1.80 (p, J = 7.4 Hz, 8H), 
1.51 – 1.26 (m, 74H), 0.93 (t, J = 6.8 Hz, 5H). 13C NMR (126 MHz, TCE-d2): δ [ppm] = 162.54, 130.63, 126.55, 40.85, 
31.69, 29.46, 29.42, 29.37, 29.32, 29.20, 29.11, 29.09, 29.02, 27.95, 27.93, 26.94, 26.89, 22.44, 13.86. MALDI/TOF 
found 1188.82 m/z (calculated 1188.82). FT-IR: 2919 (m), 2848 (s), 1704 (m), 1654 (s), 1581 (m), 1454 (m), 1374 
(m), 1346 (m), 1333 (m), 1257 (m), 1243 (s), 1220 (w), 1154 (m), 1084 (m), 1066 (w), 1025 (w), 969 (m), 889 (m), 
768 (s), 723 (m), 607 (m), 566 (m), 439 (m), 413 (m). 

NDI-C12-NDI: 1H NMR (500 MHz, TCE-d2): δ [ppm] = 8.76 (s, 8H), 4.22 (t, J = 7.4 Hz, 8H), 1.80 (p, J = 7.1 Hz, 8H), 
1.51 – 1.24 (m, 76H), 0.93 (t, J = 6.9 Hz, 6H). 13C NMR (126 MHz, TCE-d2): δ [ppm] = 162.54, 130.63, 126.55, 40.86, 
31.69, 29.46, 29.44, 29.42, 29.37, 29.32, 29.27, 29.23, 29.11, 29.09, 29.06, 27.95, 27.93, 26.93, 26.91, 22.44, 13.86. 
MALDI/TOF found 1202.89 m/z (calculated 1202.89). FT-IR: 2920 (m), 2848 (s), 1705 (m), 1656 (s), 1581 (m), 1455 
(m), 1374 (m), 1348 (m), 1333 (m), 1258 (m), 1243 (m), 1219 (w), 1155 (m), 1087 (m), 1071 (w), 1030 (w), 971 (m), 
890 (m), 769 (s), 724 (m), 608 (m), 567 (m), 439 (m), 409 (m). 

R-NDI: 1H NMR (500 MHz, TCE-d2): δ [ppm] = 8.76 (s, 4H), 4.22 (t, J = 7.5 Hz, 4H), 1.80 (p, J = 7.4 Hz, 4H), 1.31 (s, 
60H), 0.93 (t, J = 6.8 Hz, 6H). 13C NMR (126 MHz, TCE-d2): δ [ppm] = 162.53, 130.61, 126.56, 40.86, 33.00, 31.68, 
29.45, 29.41, 29.36, 29.31, 29.08, 27.95, 26.93, 22.42, 13.83. MALDI/TOF found 770.60 m/z (calculated 770.66). 
FT-IR: 2955 (w), 2918 (s), 2847 (m), 1704 (m), 1655 (s), 1581 (m), 1462 (m), 1455 (m), 1373 (m), 1348 (m), 1331 
(m), 1244 (s), 1220 (w), 1154 (m), 1086 (m), 1073 (m), 970 (w), 890 (m), 769 (s), 724 (s), 710 (w), 607 (m), 566 (m), 
439 (m), 423 (m). 
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Chapter 6 

 

 

Stepwise formation of charge transfer complexes at the 1-

phenyloctane/HOPG interface 

 

Abstract: 

The generation of highly ordered multicomponent architectures on surfaces by the 

stepwise addition of supramolecular building blocks is currently a hot topic in the field of 

nanotechnology and expected to bring tremendous innovation to microelectronics. Since 

we have shown in Chapter 5 that our electron accepting (A) double naphthalenediimides 

(NDIs) form highly regular double lamellar structures on highly oriented pyrolytic graphite 

(HOPG) surface, we aim for decorating these monolayers with electron donating 

chromophores (D). We present a library of D molecules to investigate the formation of 

charge transfer (CT) complexes by the co-adsorption with the NDIs on HOPG surface. We 

use mono- and bifunctional D molecules to probe for the impact of bivalency. Similar as for 

the double NDIs, we systematically vary the length of the alkyl spacers within the series of 

bifunctional D molecules to probe for molecular geometries that induce D-A co-adsorption. 

Scanning tunneling microscopy (STM) indicates that several D-A mixtures form new surface 

structures that potentially stem from co-adsorption. Analyzing the structural details 

suggests that D-A co-adsorption occurs in either new two-dimensional (2D) lattices or in D-

A stacks. The close proximity of D and A chromophores in the D-A stacks suggests the 

achievement of CT complexes on HOPG surface. In bulk material, we also find CT complexes 

that are however not arranged in a periodical fashion. The discrepancy between the surface 

and bulk systems highlights the importance of controlling adsorbate-solvent and adsorbate-

substrate interactions when arranging D and A molecules on HOPG surface. 
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6.1 Introduction 

Dipolar interactions between electron-rich and electron-poor arene systems are often 

referred to as “aromatic interactions”[1] or “π-stacking”.[2] When an electron-rich donor (D) 

and an electron-poor acceptor chromophore (A) are brought in close proximity, a fraction 

of the electronic charge is transferred from D to A. The formed adduct is called charge 

transfer (CT) complex.[3] A very prominent example for an organic CT complex is formed 

between tetrathiafulvalene (TTF) and 7,7,8,8-tetracyanoquinodimethane (TCNQ).[4] This CT 

material shows a very high electron conductance for an organic material and behaves like a 

metal over a wide temperature range. The finding of the TFF-TCNQ CT complex has 

triggered a plethora of investigations that have resulted in organic CT systems with potential 

applications as organogelators,[5–8] hydrogelators,[9] liquid crystals,[10] polymers,[11–16] 

foldamers,[17] rotaxanes and catenanes,[18] nanoparticles,[19] synthetic ion channels[20] and 

artificial photosystems.[21] 

Another example for a particularly well-studied CT complex is the adduct between the 

electron-rich pyrene and the electron-poor N,N’-bis(n-alkyl)-naphthalenediimide (NDI) 

chromophores.[22] Compounds based on the NDI motif are of particular interest due to the 

combination of the NDI’s strong tendency to form π-stacked aggregates and its n-type 

semiconductivity.[23,24] Depending on the chemical structure of the NDI, CT complexes with 

pyrene derivatives were obtained as co-crystal,[25] polymer blend[26] or as NDI-based vesicles 

with intercalated pyrene derivatives.[27] In the NDI-pyrene cocrystal, a parallel sandwich 

arrangement in D-A stacks was found which exhibited a rotational angle of 53° between the 

two chromophores.[25] The interplanar distance was 3.4 Å which was smaller than 

interplanar distance of 3.5 Å in the crystal of pure pyrene and hence indicative of attractive 

hetero-interactions.[22,25,28] Yeh et al. investigated the non-covalent interactions between 

the NDI and the pyrene chromophores in more detail by density-functional theory (DFT).[29] 

Corroborating the structural information gained by X-ray crystallography,[22,25] a parallel 

face-to-face packing of the aromatic compounds was calculated since this arrangement 

maximized the attractive dispersion forces between the molecules similar as also known 

from other large polycyclic systems.[29,30] DFT calculations suggested further that the 

attractive interactions stemmed from the overlap of the wavefunctions of LUMONDI and the 

HOMOpyrene and occurred only for rotational angles of 50° and more between the stacked 

molecules which was in good agreement with the experimentally found rotational angle of 

53°.[29] 

Whereas D-A co-assembly and the formation of CT complexes is well-described for many 

solution-based systems[5–7] and bulk materials,[11–15] research on co-assembly and especially 

CT complex formation at interfaces is relatively unexplored. The paucity of the reports likely 

stems from the complex interplay of substrate-adsorbate, adsorbate-adsorbate and 

adsorbate-solvent interactions which all need to be considered when preparing self-

assembled structures on surfaces and complicate the design of multicomponent systems 

further.[31–33] The existing literature studies on multicomponent surface systems often used 
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scanning tunneling microscopy (STM)[34]  as characterization technique since it offers a 

(sub-)molecular resolution of the prepared structures.[35] The studies reported on the 

formation of co-adsorbed structures by the combination of van-der-Waals interactions and 

geometrical restrictions,[36–38] hydrogen-bonding[39–42] and/or fluorophilicity[43] but not by 

the formation of CT complexes, yet. Due to the absence of such literature reports and many 

prospective applications such as microelectronics or heterogenous catalysis,[44] research on 

the co-adsorption of D-A mixtures is gaining increasing scientific attention. Velpula et al.[45] 

reported on the co-adsorption of D-A mixtures in a 2D layer driven by the combination of 

the molecules’ geometry and the formation of hydrogen bonds as an additional directional 

interaction. Owing to the types of interactions, a geometrical arrangement was obtained 

which did however not indicate the formation of CT complexes. In contrast to co-adsorption 

in plane, stacked systems allow for a closer proximity of the two types of chromophores. 

Such stacked multicomponent systems have been described already, however mostly in 

systems that used metal-ligand coordination.[46–48] In a recent study, Heideman et al.[49] 

reported on the stepwise functionalization of surfaces with D-A mixtures. At first, a 

monolayer of NDI was prepared at the 1-phenyloctane/HOPG interface. In a second step, 

pyrene molecules were adsorbed on top. Since the pyrene chromophores were, however, 

not adsorbed directly on top of the NDI cores but on adjacent alkyl chains, the formation of 

CT complexes at the HOPG surface remained elusive.[49] 

In order to gain more fundamental insight into the formation of co-adsorbed D-A 
systems at interfaces and to achieve CT complex formation, we investigated the co-
adsorption of mono- and bifunctional D and A pairs at the 1-phenyloctane/HOPG interface. 
The molecular structures of all compounds are shown in Scheme 6.1. The electron-rich D 
compounds contained either the pyrene, the naphthalene or the 1-methoxynaphthalene 
chromophore(s). The electron-poor A compounds were the NDIs which have already been 
described in Chapter 5. Within the series of bifunctional compounds, the lengths of the alkyl 
spacers were varied to systematically probe for matching geometries that result in the 
formation of co-adsorbed structures and ideally also CT complexes at the 1-
phenyloctane/HOPG interface. Whereas the surface morphologies of D-A mixtures were 
investigated by STM, the morphologies formed in bulk material were determined by X-ray 
scattering. Finally, a comparison of the data was performed to probe for potential 
similarities of the co-assembly in both media. 
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Scheme 6.1: Molecular structures of mono- and bifunctional D and A compounds based on 
the electron-rich pyrene and naphthalene and the electron-poor NDI chromophores. 

6.2 Synthesis and characterization of pyrene and naphthalene-based compounds 

The preparation of the electron-rich D compounds was inspired by a protocol from David 

et al.[50] The synthetic strategies are shown schematically in Scheme 6.2. The etherification 

of the hydroxy-functionalized chromophores with mono- and bifunctional bromoalkanes of 

various chain lengths was performed using potassium carbonate as base and potassium 

iodide as catalyst. In all cases except for the methylation of 1,5-naphthalenediol, the solvent 

was dry N,N-dimethylformamide (DMF). For the methylation reaction, we found that DMF 

favored double substitution and the formation of undesired 1,5-dimethoxy-naphthalene as 

main product. Replacement of the solvent by acetonitrile yielded a statistical mixture of 

unreacted, mono- and double substituted naphthalenes, which was separated by column 

chromatography. A second etherification step, again performed in DMF, was used to 

prepare the final methoxy naphthol-based compounds. The chemical structures of all final 

compounds were proven by 1H and 13C nuclear magnetic resonance (NMR) and Fourier-

transform infrared (FT-IR) spectroscopy as well as matrix-assisted laser ionization time of 

flight mass spectrometry (MALDI-TOF-MS). We used all pure compounds to prepare 

supramolecular 2D monolayers in HOPG surface. Since an initial screening experiment 

indicated that the double pyrenes showed the best adsorption at the 1-phenyloctane/HOPG 

interface and displayed less polymorphism than the other compounds, we focused our 

study on the adsorption behavior of the double pyrenes. 
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Scheme 6.2: Synthetic route for the preparation of the donor compounds containing pyrene 
or the naphthalene chromophores. Reagents and conditions: i) aliphatic α,ω-
dibromoalkane, K2CO3, KI, DMF, 60 °C, 16 h; ii) aliphatic α-bromoalkane, K2CO3, KI, DMF, 60 
°C, 16 h; iii) methyl iodide, K2CO3, acetonitrile, 60 °C, 16 h. 

6.3 Physisorbed self-assembled monolayers formed by double pyrenes at the 

solution/HOPG interface 

We started our study by applying the electron-rich double pyrenes to the solution/HOPG 

interface and used STM to probe for the formation of self-assembled monolayers. The STM 

study was performed in collaboration with Robby Reynaerts and Kunal Mali from prof. 

Steven De Feyter’s group at the Katholieke Universiteit Leuven. The samples were prepared 

by drop casting 1-phenyloctane solutions of the compounds onto a freshly cleaved HOPG 

substrate. The morphologies formed by PyO-C6-OPy, PyO-C9-OPy and PyO-C10-OPy are 

depicted in Figure 6.1. The STM images show that PyO-C6-OPy (Figure 6.1a) and PyO-C10-

OPy (Figure 6.1c) formed lamellar lattices. In contrast, PyO-C9-OPy (Figure 6.1b) exhibited 

the formation of a grid-like structure. In addition, the bulk properties of the compounds 

such as bulk morphology and thermal properties were investigated, too (vide infra). 
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Figure 6.1: Representative STM images showing the self-assembled networks formed by (a) 
PyO-C6-OPy, (b) PyO-C9-OPy and (c) PyO-C10-OPy. The unit cells are given in white. 

Since the structures of the monolayers formed by the NDIs have already been described 

extensively in Chapter 5, we continued our study with an investigation of the monolayer 

formed when applying D-A mixtures. 

6.4 Physisorbed self-assembled monolayers formed in D-A mixtures of double pyrene and 

double NDIs at the solution/HOPG interface 

Being able to clearly identify the morphologies of the native monolayers of the D and A 

molecules, we moved on to performing the D-A mixing experiments. We systematically 

investigated the morphologies of the D-A mixtures of bifunctional molecules by STM as 

summarized in Table 6.1 to identify structure-property relationships required for achieving 

the desired D-A co-adsorption. The preparation of the samples was performed in two steps. 

At first, a saturated solution of the NDI derivative in 1-phenyloctane was drop-casted onto 

a freshly cleaved HOPG substrate. After annealing for 10 minutes at 100 °C, the sample was 

slowly cooled to room temperature to prepare the supramolecular monolayer of the NDI as 

reported in Chapter 5. Subsequently, one drop of a solution of a double pyrene in 1-

phenyloctane was drop-casted on top. The surface morphology of the sample was 

investigated by STM. The STM images recorded for the D-A mixtures were compared with 

the STM images of the native monolayers of the used D and A molecules. D-A mixtures that 

exhibited the formation of structures that deviated from the structures of the native D and 

A monolayers were labelled as ‘new structure’ (Table 6.1). We want to point out that for 

the majority of the investigated D-A mixtures, the formation of new structures which are 

potentially indicative of co-adsorption was not observed. For most samples, only two types 

of phase separated surface domains were noticed which resembled the morphologies of 

the native monolayers of the used D and A molecules. Since periodic interactions between 

these two domains were absent, we ascribed this coexistence to the similar affinity of both 

compounds to the HOPG surface and the system trying to achieve an energetically favorable 

high surface coverage. Upon a close examination, we found that the formation of such 

phase separated D and A domains occurred either laterally or vertically. An example for 

lateral phase separation is depicted in Figure 6.2a. The STM image shows NDI-C9-NDI 
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double lamellae in the center which are surrounded by PyO-C6-OPy domains. The formation 

of the vertically phase separated lattices was indicated by the absence of periodic 

interaction in stacked D-A monolayers. The formation of such systems was easily identified 

by time dependent STM experiments. As exemplarily shown in Figure 6.2b and c for the 

mixture of PyO-C6-OPy with NDI-C8-NDI, we observed the nucleation of double pyrene on 

top of the NDIs’ double lamellae (Figure 6.2b) which induced the formation of a dense 

double pyrene lattice on top which showed its native morphology (Figure 6.2c). In the 

following, we will focus on comparing the structural features of the new surface 

morphologies. 

Table 6.1: Results from the structural investigation of the D-A mixtures of double pyrenes 
and double NDIs as investigated by STM; n.d.: no data available. 

entry NDI PyO-C6-OPy PyO-C9-OPy PyO-C10-OPy 

1 NDI-C3-NDI n.d. 
lateral phase 

separation 
n.d. 

3 NDI-C5-NDI n.d. new structure n.d. 

4 NDI-C6-NDI 
vertical phase 

separation 
lateral phase 

separation 
n.d. 

5 NDI-C7-NDI n.d. 
lateral phase 

separation 
lateral phase 

separation 

6 NDI-C8-NDI new structure 
lateral phase 

separation 
n.d. 

7 NDI-C9-NDI 
lateral phase 

separation 
new structure n.d. 

8 NDI-C10-NDI 
vertical phase 

separation 
lateral phase 

separation 
n.d. 

9 NDI-C11-NDI n.d. new structure n.d. 

10 NDI-C12-NDI n.d. 
vertical phase 

separation 
new structure 
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Figure 6.2: Representative STM images showing the morphologies of laterally or vertically 
phase separated double pyrene and double NDI domains. (a) A domain of NDI-C9-NDI 
double lamellae (center) is surrounded by PyO-C6-OPy domains. (b) Nucleation of PyO-C6-
OPy on top of NDI-C10-NDI double lamellae resulted in (c) the formation of a vertically phase 
separated PyO-C6-OPy domain (left) on top of the NDI lattice (right). 

6.4.1 New surface structures formed by D-A co-adsorption 

As noticed in Table 6.1, we found that five of the investigated D-A mixtures exhibited 

the formation of new surface domains. In this context, ‘new’ means that the surface 

morphology of one domain found in the D-A mixture did not resemble the native surface 

structures of the contained D or A molecules. The formation of such a new structure is 

potentially indicative of D-A co-adsorption within one surface domain. To allow for a better 

comparison of the new surface morphologies among themselves and with the native lattices 

of the contained D and A components, STM images of all new surface morphologies and the 

native lattices of the contained compounds are provided in Figure 6.3. As noticed in Figure 

6.3b and e, the new morphologies found in the D-A mixtures of PyO-C6-OPy with NDI-C8-

NDI and PyO-C10-OPy with NDI-C12-NDI exhibited lamellar structures that were 

structurally related with the double lamellae of the contained NDI derivatives. In contrast, 

the remaining three new morphologies depicted in Figure 6.3h, k and m had grid-like 

morphologies that were clearly distinguished from the native lattices of the contained D 

and A molecules. Investigating the formed morphologies in more detail by recording STM 

images at increased resolution and by performing molecular modelling suggested that the 

observed patterns did indeed stem from the desired D-A co-adsorption. Depending on the 

molecular geometries, co-adsorption occurred either in plane or in stacked systems. In the 

following, we highlight one example for each of these two modes of co-adsorption. We 

describe the co-adsorption of PyO-C6-OPy and NDI-C8-NDI in new type of 2D monolayer 

and the formation of D-A stacks in the mixture of PyO-C9-OPy and NDI-C5-NDI. 
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Figure 6.3: Representative STM images showing the self-assembled networks formed by (a) 
PyO-C6-OPy, (b) the D-A mixture of PyO-C6-OPy and NDI-C8-NDI, (c) NDI-C8-NDI, (d) PyO-
C12-OPy, (e) the D-A mixture of PyO-C12-OPy and NDI-C10-NDI, (f) NDI-C10-NDI, (g) PyO-
C11-OPy, (h) the D-A mixture of PyO-C11-OPy and NDI-C9-NDI, (i) NDI-C9-NDI, (j) PyO-C9-
OPy, (k) the D-A mixture of PyO-C9-OPy and NDI-C9-NDI, (l) NDI-C9-NDI, (m) the D-A mixture 
of PyO-C9-OPy and NDI-C5-NDI, (n) NDI-C5-NDI. We note that the grid-like morphology 
shown in (i) is a polymorph of NDI-C11-NDI that was formed over time and not the lamellar 
structure shown in Chapter 5. 
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6.4.2 Structural details of laterally co-adsorbed PyO-C6-OPy and NDI-C8-NDI 

Since the new surface morphology that was formed in the D-A mixture of PyO-C6-OPy 

and NDI-C8-NDI was structurally very similar to the double lamellae that were formed by 

PyO-C6-OPy and NDI-C8-NDI, a further investigation of the structure by determining the 

unit cell parameters and by creating a molecular model was possible. The unit cell 

parameters of the three lattices of PyO-C6-OPy, NDI-C8-NDI and the co-adsorbed structure 

are summarized in Table 6.2. For all structures, the unit cell parameter a was 0.9 nm and 

the angle α was very close to 90°. The unit cell parameter b was 2.3 nm for PyO-C6-OPy and 

4.6 nm for NDI-C8-NDI. In the co-adsorbed structure, b was 3.2 nm which suggested that 

the unit cell of the new structure was representing almost the median of the unit cells found 

for the native supramolecular monolayers of PyO-C6-OPy and NDI-C8-NDI. When the new 

structure was imaged at higher magnification (Figure 6.4b), strong differences in STM 

contrast between the individual aromatic cores in the double lamellar patterns were 

noticed. A common origin for differences in contrast in STM micrographs is the interference 

effect stemming from the superposition of differently sized repeating units of the adsorbed 

monolayer and the HOPG lattice which is also called Moiré-pattern.[51] Since an interference 

effect results in periodic changes of the STM contrast and the observed contrast differences 

in the STM image (Figure 6.4b) were irregular, we excluded Moiré-pattern as origin. Instead, 

the darker and brighter spots were likely to originate from two chemical species with a 

different electronic configuration. The STM image hence suggested that this new type of 

domain consisted of D and A molecules which were co-adsorbed next to each other. As a 

result, a double lamellar morphology similar to the native lattices of PyO-C6-OPy and NDI-

C8-NDI was formed. Comparing the molecular models of PyO-C6-OPy (Figure 6.4d) and NDI-

C8-NDI (Figure 6.4f) with a simplified structure proposed for the co-adsorbed domain 

(Figure 6.4e) corroborated that the formation of a fully covered surface by D-A co-

adsorption with unit cell parameters comparable to the experimentally obtained data.  

Table 6.2: Unit cell parameters of the lamellar structures of PyO-C6-OPy, NDI-C8-NDI and 
the co-adsorbed structure formed at the 1-phenyloctane/HOPG interface as derived from 
the STM micrographs. 

Structure PyO-C6-OPy NDI-C8-NDI co-adsorbed 

a [nm] 0.9 ±  0.1 0.9 ±  0.1 0.9 ±  0.1 

b [nm] 2.3 ±  0.1 4.6 ±  0.1 3.2 ±  0.1 

α [°] 85 ± 2 89 ± 1 89 ± 1 
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Figure 6.4: Representative STM images showing the self-assembled networks formed by (a) 
PyO-C6-OPy, (c) NDI-C8-NDI and (b) the mixtures thereof. Molecular models of the 
corresponding 2D monolayers are shown in (d-f). The unit cells are given in black. 

6.4.3 Structural details of vertically co-adsorbed PyO-C9-OPy and NDI-C5-NDI 

The new type of surface morphology that was formed in the D-A mixture of PyO-C9-OPy 

and NDI-C5-NDI exhibited a grid-like morphology (Figure 6.5b) that differed clearly from the 

native grid-like 2D monolayer of PyO-C9-OPy (Figure 6.5a) or the double lamellar 

morphologies of NDI-C5-NDI (Figure 6.5c). The structural details of the surface morphology 

became apparent when the resolution was increased. As shown in Figure 6.5d, the 

morphology consisted of bright and rather broad lamellae (orientated along the blue arrow 

in Figure 6.5d) that were decorated with brick-shaped elements (highlighted by the red 

circle in Figure 6.5d). Owing to the high resolution of the STM image, we were able to 

develop a molecular model that recreated the observed structural details. The molecular 

model is depicted in Figure 6.5e and suggests the formation of a stacked D-A system. The 

broad lamellar structures (orientated along the blue arrow in Figure 6.5d) were assigned to 

the native NDI-C5-NDI double lamellae. The bright bricks that were arranged 

perpendicularly to the NDI double lamellae (red circle in Figure 6.5d), were assigned to the 

pyrene chromophores of PyO-C9-OPy molecules which were adsorbed on top of the alkyl 

lamellae of the NDI lattice. Owing to the length of the PyO-C9-OPy molecule and the 

differences in contrast in the STM images, the molecular model suggested that the second 

pyrene chromophore of the PyO-C9-OPy molecule was located on top of the NDI columns. 

Thereby, the remaining part of the molecule was also covering the narrower alkyl lamella in 

between the covalently connected bright NDI lamellae (only noticed in the native 
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monolayer of NDI-C5-NDI in Figure 6.5c). According to the model, the rotational angle 

between the long axes of the stacked pyrene and the NDI chromophores was 65°.  

 

Figure 6.5: Representative STM images showing the self-assembled networks formed by (a) 
NDI-C5-NDI, (c) PyO-C9-OPy and (b) in the mixture thereof; (d) magnified STM image of the 
D-A mixture; (e) Proposed molecular model showing the arrangement of PyO-C9-OPy 
molecules on top of the NDI-C5-NDI layer. The unit cells are given in white or black, 
respectively. 

6.4.4 Discussion on the new surface morphologies formed by D-A co-adsorption 

The above presented structural investigation of the morphologies formed by the D-A 

mixtures on HOPG surface suggested that applying several combinations of double pyrenes 

and double NDIs to HOPG surface resulted in the formation of structurally new surface 

domains. Due to the complexity of some of the structures, we were not able to perform a 

detailed analysis in all cases. Nevertheless, our results already indicate the existence of two 

different modes of D-A co-adsorption, namely the co-adsorption in plane and the co-

adsorption in D-A stacks. 

The STM image and the molecular model for the co-adsorbed structure formed by PyO-

C6-OPy and NDI-C8-NDI indicated that co-adsorbed pyrene and NDI chromophores were 

laterally separated by alkyl chains. This spatial separation suggested the absence of CT 

complexes. We concluded that the driving force to form this 2D monolayer was no D-A 

interaction but the generation of an energetically favorable high surface coverage similar as 

reported in the literature for the co-adsorption of electron-rich hexabenzocoronenes and 

an electron-poor perylenediimide on the HOPG surface.[45] In contrast, we found a close 
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proximity of the pyrene and NDI chromophores in the co-adsorbed D-A stacks formed by 

PyO-C9-OPy and NDI-C5-NDI. The rotational angle of 65° between the stacked pyrene and 

NDI chromophores was similar to the angle of 53° that has been reported for the co-crystal 

of structurally related pyrene and NDI derivatives.[25] Since DFT calculations performed by 

another group suggested that attractive interactions in a pyrene-NDI stack occur when the 

torsion angle between the chromophores is greater than 50°,[29] the noticed close proximity 

and of the chromophores in the D-A stacks and the determined rotational angle were 

indicative of the formation of CT complexes on HOPG surface. The adsorption of the second 

pyrene chromophore of the PyO-C9-OPy molecules occurred however on top of the alkyl 

chains. This distinct off-set of the adsorption location from the NDI columns was structurally 

resembling the results from Heideman et al.[49] We note that the system described here and 

that from Heideman et al. clearly differ from each other. In the system described by 

Heideman et al., the adsorption of monofunctional pyrenes occurred exclusively on top of 

unsaturated bonds in close proximity to the NDI columns and never directly on top of the 

NDI cores. In our case, one pyrene chromophore of the bifunctional PyO-C9-OPy molecule 

was adsorbed on top of an NDI core. The other one was positioned on top of the alkyl chains 

as defined by the length of the alkyl spacer arranged in a fully stretched conformation, and 

not by the presence of an unsaturated bond. 

Owing to the synthetic strategy, the linkers of the two pyrene chromophores in the 

double pyrenes contained two ether groups, whereas the alkyl spacers in the double NDIs 

did not. As a result, equal distances between the covalently linked pyrenes and NDIs were 

achieved in the following investigated D-A mixtures: PyO-C6-OPy and NDI-C8-NDI, PyO-C9-

OPy and NDI-C11-NDI as well as PyO-C10-OPy and NDI-C12-NDI. As noticed in Table 6.1, 

each of these three tested D-A mixtures showed the formation of a new surface structure. 

The D-A mixtures of PyO-C6-OPy and NDI-C8-NDI as well as PyO-C10-OPy and NDI-C12-NDI 

formed lamellar structures. The detailed structural investigation of PyO-C6-OPy and NDI-

C8-NDI indicated the formation of a laterally D-A co-adsorbed structure. In contrast, the 

STM image of the D-A mixture of PyO-C10-OPy and NDI-C12-NDI suggested the formation 

of D-A stacks structurally related to the new structure formed by PyO-C9-OPy and NDI-C5-

NDI as indicted by the absence of the narrower dark column in between the NDI double 

lamellae (Figure 6.3e). Owing to the complexity of the grid-like structure of PyO-C9-OPy and 

NDI-C11-NDI, a detailed structural investigation was not possible. Although applying a D-A 

mixture of bifunctional molecules with equal lengths of the chromophore connecting 

spacers seemed to promote the formation of new surface morphologies, the complexity 

and strong differences in the formed surface structures prevented the identification of a 

correlation between the molecular structures in the D-A mixture and the formed surface 

morphologies. 

One possible explanation for the complexity of the observed structures was the partial 

desorption of the alkyl spacer of the double NDIs as described in detail in Chapter 5. We 

conclude that with the current data set, it is too early to deduce definitive structure-
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property relationships for D-A co-adsorption which in turn suggests that engineering 

architectures at interfaces is equally challenging as crystal engineering. 

6.5 Co-assembly of pyrene-NDI mixtures in bulk material 

We continued our study with the investigation of the co-assembly in bulk material of the 

D-A mixtures to eventually be able to probe for structural parallels between D-A systems 

formed in bulk and on HOPG surface. The investigated samples were equimolar mixtures of 

double pyrenes and double NDIs which were prepared by heating D-A mixtures to the 

isotropic melt and cooling slowly to room temperature. Additionally, the mixture of 

monofunctional PyO-C6 with R-NDI was prepared to investigate the impact of 

bifunctionality. The bulk properties were investigated by ultraviolet–visible (UV/Vis) 

spectroscopy and X-ray scattering. 

6.5.1 Optical properties of pyrene-NDI mixtures 

When the solid D-A mixtures were heated to the isotropic melt, an intense red color was 

developed which is exemplarily shown for the D-A mixture of PyO-C6 and R-NDI in the left 

inset in Figure 6.6a. Upon cooling the melted materials to room temperature, solidification 

was observed. In case of the mixture of PyO-C6 and R-NDI, the solidification resulted in a 

loss of the red color (right inset in Figure 6.6a). In contrast, D-A mixtures that contained 

bifunctional compounds did not lose their red color but changed their appearance to a more 

violet hue instead (inset in Figure 6.6b). Since the formation of the red color was indicative 

of CT complex formation,[52] we investigated the optical properties of the materials 

quantitatively by variable-temperature UV/Vis spectroscopy. Exemplary absorption spectra 

recorded for melted and solidified D-A mixtures are depicted in Figure 6.6. In the melt, the 

D-A mixtures exhibited absorption bands below 400 nm as well as a very broad absorption 

band at 560 nm. In the solid state, the broad absorption band at 560 nm was depleted for 

the D-A mixture of PyO-C6 and R-NDI and retained for the D-A mixture of PyO-C6-OPy and 

NDI-C8-NDI. The absorption bands below 400 were assigned to the absorption bands of the 

pyrene[53] and the NDI chromophores.[24] The broad absorption band at 560 nm indicated 

the formation of CT complexes since it was red-shifted with respect to the absorption bands 

of the individual chromophores and also in accordance with literature reports on the CT 

complex of structurally related pyrene and NDI derivatives.[6,54] The absence of the red color 

and the depletion of the absorption band at 560 nm in the solid mixture of PyO-C6 and R-

NDI was ascribed to the dissociation of the CT complexes. The dissociation of the CT 

complexes was not unexpected since CT complexes commonly have low association 

constants when no additional attractive interactions such as hydrogen bonds are present 

between the D and A chromophores.[39,42] Retaining the red color and the absorption band 

at 560 nm in the solid mixture of PyO-C6-OPy and NDI-C8-NDI (blue line in Figure 6.6b) 

suggested that bifunctionality stabilized the CT complexes or partially hindered the 

formation of self-sorted D and A crystals. All spectra recorded at room temperature 

contained scattering contributions indicative of the formation of rather large aggregates.  
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Figure 6.6: Optical properties (a) of melted PyO-C6 and R-NDI as well as the equimolar 
mixture thereof (at 150 °C and at R.T. ) and (b) of the equimolar mixture of PyO-C6-OPy and 
NDI-C8-NDI. The left inset in (a) shows the red color of the molten material. The insets on 
the right both in (a) and (b) show the optical appearances of the corresponding D-A mixtures 
after cooling to room temperature. 

6.5.2 X-Ray scattering profiles of pyrene-NDI mixtures 

Since all solid D-A mixtures of bifunctional compounds exhibited a red-violet color 

indicative of CT complex formation, we conducted an X-ray scattering study to investigate 

the bulk morphologies of the D-A mixtures and to be able to determine possible structural 

parallels between the co-adsorption on surface and the co-assembly in bulk. We first 

focused on the D-A mixtures of PyO-C6-OPy and NDI-C8-NDI or NDI-C6-NDI. The scattering 

profiles of the individual compounds and the D-A mixtures are shown in Figure 6.7a and b. 

The determined bulk morphologies and corresponding domain spacings are summarized in 

Table 6.3. For pure PyO-C6-OPy, no bulk morphology could be determined since the sample 

showed scattering peaks in the WAXS region only. As already described in Chapter 5, pure 

NDI-C6-NDI or NDI-C8-NDI, respectively, showed scattering peaks that were indicative of 

two lamellar lattices. In the D-A mixture of NDI-C6-NDI and PyO-C6-OPy, the intensities of 

the scattering peaks of the second lattice of NDI-C6-NDI were reduced but the 

corresponding scattering vectors q were unaffected. In contrast, the scattering profile 

recorded for the D-A mixture of NDI-C8-NDI and PyO-C6-OPy indicated that the domain 

spacing of the second lattice of NDI-C8-NDI was increased by approximately 1 nm with 

respect to the corresponding second lattice of pure NDI-C8-NDI.  
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Table 6.3: X-Ray scattering peaks and bulk morphologies determined for PyO-C9-OPy, all 
double NDIs and the D-A mixtures. All measurements were performed at room temperature. 

compound morphology number of 

sharp scattering 

peaks 

domain 

spacing first 

lattice [nm] 

domain spacing 

second lattice 

[nm] 

PyO-C6-OPy - 0 - - 

NDI-C6-NDI Lamellar 7 5.3 4.2 

D-A mixture Lamellar 7 5.3 4.2 

NDI-C8-NDI Lamellar 8 5.0 4.4 

D-A mixture Lamellar 8 5.0 5.7 

We continued the X-ray scattering study with the investigation of the D-A mixtures 

containing PyO-C9-OPy. We note that pure PyO-C9-OPy showed two scattering peaks in the 

SAXS region (grey line in Figure 6.7c) which we assigned to the formation of a lamellar bulk 

morphology with a domain spacing of 2.5 nm. The bulk morphologies and domain spacings 

determined for all D-A mixtures containing PyO-C9-OPy are summarized in Table 6.4. Out 

of this series, we want to highlight the scattering profiles recorded for the D-A mixtures of 

PyO-C9-OPy and NDI-C6-NDI as well as of PyO-C9-OPy and NDI-C8-NDI. The scattering 

profile recorded for the D-A mixture of PyO-C9-OPy and NDI-C6-NDI is exemplary for all 

other D-A mixtures in this series and shown in Figure 6.7c. The scattering profile did not 

contain scattering peaks stemming from crystalline PyO-C9-OPy. The number of scattering 

peaks stemming from crystalline NDI-C6-NDI was reduced with respect to the scattering 

peaks of pure NDI-C6-NDI bulk material. However, the scattering vectors q corresponding 

to crystal lattices of NDI-C6-NDI were hardly affected by the presence of PyO-C9-OPy. In 

the scattering profile of the D-A mixture of PyO-C9-OPy and NDI-C8-NDI, no scattering 

peaks were found for PyO-C9-OPy either (Figure 6.7c). However, we found that the domain 

spacing of the second lattice of NDI-C8-NDI was increased by approximately 0.4 nm with 

respect to the native lattice of NDI-C8-NDI which makes this D-A mixture unique in the 

series. 
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Figure 6.7: 1D transmission scattering profiles obtained for pure compounds and D-A 
mixtures of (a) NDI-C6-NDI and PyO-C6-OPy, (b) NDI-C8-NDI and PyO-C6-OPy, (c) NDI-C6-
NDI and PyO-C9-OPy and (d) NDI-C8-NDI and PyO-C9-OPy the mixture thereof. The 
scattering vector is ranging from 0.1 to 25 nm-1. 

The absence of new scattering peaks and the only marginal alternation (0-0.2 nm) of the 

domain spacings of the lamellar lattices of the double NDIs in most D-A bulk mixtures 

suggested that the CT complexes formed in bulk material were typically not arranged in a 

periodic fashion. The decreased number of sharp scattering peaks with respect to the 

corresponding pure NDI material suggested that mixing merely reduced the crystalline 

order. The only exceptions from these trends were the D-A mixtures that contained NDI-

C8-NDI. Here, the domain spacing of one crystal lattice was increased when a double pyrene 

was present, which suggested also an alternation in the periodic packing of the NDI-C8-NDI 

molecule. 

Since the previously described surface experiments showed that the formation of co-

adsorbed structures occurred only for certain combinations of D and A and these structures 

were highly periodic, a comparison with the co-assembly in bulk indicates stark differences 

between both media. The absence of a structural correlation suggested that substrate-

absorbate and adsorbate-solvent interactions were pivotal for the formation of the 

observed co-adsorbed architectures on the HOPG surface. 
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Table 6.4: X-Ray scattering peaks and bulk morphologies determined individually for PyO-
C9-OPy, the double NDIs and the D-A mixtures. All measurements were performed at room 
temperature. 

compound morphology number of 

sharp scattering 

peaks 

domain 

spacing first 

lattice [nm] 

domain spacing 

second lattice 

[nm] 

PyO-C9-OPy Lamellar 2 2.5 - 

NDI-C3-NDI Lamellar 4 4.5 - 

D-A mixture - 1 4.3 - 

NDI-C5-NDI Lamellar 4 5.2 - 

D-A mixture Lamellar 4 5.2 - 

NDI-C6-NDI Lamellar 7 5.3 4.2 

D-A mixture Lamellar 5 5.3 4.2A 

NDI-C7-NDI Lamellar 4 5.4 - 

D-A mixture Lamellar 4 5.4 - 

NDI-C8-NDI Lamellar 8 5.0 4.4 

D-A mixture Lamellar 8 5.4 4.4 A 

NDI-C9-NDI Lamellar 4 4.5 - 

D-A mixture Lamellar 4 4.5 - 

NDI-C10-NDI Lamellar 4 4.5 - 

D-A mixture Lamellar 4 4.5 - 

NDI-C11-NDI Lamellar 5 5.6 - 

D-A mixture Lamellar 4 5.8 - 

NDI-C12-NDI Lamellar 5 5.8 - 

D-A mixture Lamellar 4 5.8 - 
A Strong decrease in intensity. 
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6.6 Conclusions 

We prepared a library of electron donor molecules to investigate the formation of CT 

complexes with the electron accepting NDIs reported in Chapter 5. The STM study on the 

adsorption of the D molecules at the 1-phenyloctane/HOPG interface indicated that the 

double pyrenes formed highly regular lattices and did not exhibit polymorphism. 

Consequently, we focused our D-A co-adsorption study on the mixtures of double pyrenes 

and double NDIs. The preparation of the samples was performed in two steps. At first a 

monolayer of double NDI was formed. Subsequently a solution of double pyrene was drop 

casted on top. The structural investigation of the samples indicated that, in most cases, only 

phase separated surface domains were formed which contained either the D or the A 

molecule, but never both. However, we also observed the formation of a third and 

structurally new type of surface domain for five of the investigated D-A combinations. We 

were able to develop molecular models for two of these new structures which suggested D-

A co-adsorption as structural origin. The molecular models suggested further that 

depending on the molecular structures of the mixed molecules, co-adsorption occurred 

either in plane or in D-A stacks. The co-adsorption in plane was ascribed to result from 

matching molecular geometries that allowed for the formation of a 2D monolayer with high 

surface coverage. The spatial separation between the pyrene and NDI chromophores in this 

type of structure suggested that CT complexes were however absent. In contrast, pyrene 

and NDI chromophores were in close proximity in the D-A stacks. The corresponding 

molecular model suggested that the relative arrangement of pyrene and NDI cores on top 

of each other was similar as in the co-crystal formed by these chromophores. The structural 

similarity suggested that using our sample preparation protocol for this specific D-A mixture 

induced the desired formation of CT complexes on HOPG surface. Since most of the 

investigated D-A mixtures did however not show the formation of co-adsorbed domains, 

the exact structural requirements for the CT complex formation remained unclear. We 

continued the study with an investigation of the bulk properties of the D-A mixtures. In 

contrast to the results presented in Chapter 5, where the morphologies of double NDIs 

which were formed on surface and in bulk differentiated only in structural details, large 

differences were found when comparing the structures of D-A mixtures in these two media. 

Whereas the co-adsorption on HOPG surface resulted in highly regular structures and was 

only observed for a small number of the tested D-A mixtures, CT complex formation was 

noticed for all bulk samples. An X-ray scattering study indicated that the solid CT complexes 

were typically not arranged in a periodical fashion. The stark structural differences between 

the co-adsorption on surface and co-assembly in bulk highlighted the importance of 

precisely tuning substrate-absorbate and absorbate-solvent interactions when aiming for 

the fabrication of complex CT architectures on HOPG surface.  
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6.7 Experimental Section 

6.7.1 Materials and Methods 

All chemicals were purchased from commercial sources (TCI Chemicals, Sigma-Aldrich and abcr) and used without 
further purification. The solvents were purchased and treated as stated in Chapter 2. Silica column purification and 
chemical characterization (1H and 13C NMR, FT-IR and MALDI-TOF) was performed on the machines stated in 
Chapter 2. STM was performed as stated in Chapter 5. Samples for polarized optical microscopy and UV/Vis 
spectroscopy of bulk materials were mixed in glass vials, melted, cooled and deposited on glass coverslips which 
were cleaned as stated in Chapter 3. Before each measurement, the samples were melted and cooled slowly 
(10 °C/min) to room temperature. UV/Vis spectra were recorded on a JASCO V-750 UV/Vis spectrometer. Bulk 
small angle X-ray scattering (SAXS), optical microscopy and DSC was performed as stated in Chapter 2. 

6.7.2 Synthetic procedures 

Synthesis of 5-methoxynaphthalen-1-ol 

 

1,5-Dihydroxynaphthalene (4.5 g, 28.1 mmol, 1.0 eq.), methyl iodide (1.75 mL, 28.1 mmol 1.0 eq.) and potassium 
carbonate (4.27 g, 30.9 mmol, 1.1 eq.) were added to 80 mL acetonitrile. The mixture was stirred at 82 °C under 
argon atmosphere for 16 h. The mixture was allowed to cool down to room temperature and concentrated under 
reduced pressure. The obtained solid was dissolved in 50 mL chloroform and filtered through diatomaceous earth. 
The solution was extracted twice with saturated NaHCO3 solution and twice with brine before drying with 
anhydrous Na2SO4. Subsequently, the solution was filtered, and the filter cake was washed with chloroform before 
the solution was concentrated to obtain the crude product. The crude product was purified on a silica column 
(chloroform - methanol, 0-10%) to afford pure 5-methoxynaphthalen-1-ol as white solid in 31% yield (1.69 g, 9.7 
mmol). 

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 7.85 (dt, J = 8.5, 1.0 Hz, 1H), 7.74 (dt, J = 8.5, 0.9 Hz, 1H), 7.40 (dd, J 
= 8.5, 7.6 Hz, 1H), 7.30 (dd, J = 8.5, 7.5 Hz, 1H), 6.85 (dd, J = 7.5, 1.0 Hz, 2H), 4.00 (s, 3H). 

Synthesis of the electron donor compounds 

 

The synthesis of all compounds was performed according to the following procedure. The exact amounts of used 
materials for the individual reactions are listed in Table 6.5. The reaction was carried out under inert conditions in 
dried glassware under argon. Hydroxy arene, bromoalkane, potassium carbonate and 25 mg potassium iodide 
were added to 25 mL DMF. The reaction mixture was stirred for 16 h at 60 °C under argon atmosphere. The mixture 
was allowed to cool down to room temperature and added to 100 mL demi water. The precipitated solid was 
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filtered off, washed with water and dried. The crude products were purified on a silica column (heptane – ethyl 
acetate 1:1 and chloroform - methanol, 0-10%) to afford pure compounds as white-beige solids. 

Table 6.5: Overview over the amounts of substance used for the synthesis of the donor molecules as well as the 
obtained yields. 

№ compound hydroxy arene bromoalkane K2CO3 yield 

1 PyO-C6 0.5 g, 2.3 mmol, 1 eq. 
1-Hydroxypyrene 

378 mg, 2.3 mmol, 
1 eq. H13C6Br 

1.1 g 7.6 mmol, 
3.3 eq. 

464 mg, 1.5 mmol, 
67% 

2 PyO-C9 0.5 g, 2.3 mmol, 1 eq. 
1-Hydroxypyrene 

475 mg, 2.3 mmol, 
1 eq. H19C9Br 

1.1 g 7.6 mmol, 
3.3 eq. 

658 mg, 1.9 mmol, 
83% 

3 PyO-C12 0.5 g, 2.3 mmol, 1 eq. 
1-Hydroxypyrene 

571 mg, 2.3 mmol, 
1 eq. H19C9Br 

1.1 g 7.6 mmol, 
3.3 eq. 

672 mg, 1.7 mmol, 
76% 

4 PyO-C6-OPy 212 g, 1.0 mmol, 2 eq. 
1-Hydroxypyrene 

119 mg, 0.5 mmol, 
1 eq. BrH12C6Br 

446 mg 3.2 
mmol, 6.6 eq. 

189 mg, 0.36 
mmol, 74% 

5 PyO-C9-OPy 197 mg, 0.9 mmol, 2 
eq. 1-Hydroxypyrene 

129 mg, 0.5 mmol, 
1 eq. BrH18C9Br 

424 mg 3.1 
mmol, 6.6 eq. 

124 mg, 0.22 
mmol, 49% 

6 PyO-C10-
OPy 

0.5 g, 2.3 mmol, 1 eq. 
1-Hydroxypyrene 

327 mg, 1.1 mmol, 
1 eq. BrH20C10Br 

994 mg 7.2 
mmol, 6.6 eq. 

600 mg, 1.0 mmol, 
96% 

7 PyO-C11-
OPy 

0.5 g, 2.3 mmol, 1 eq. 
1-Hydroxypyrene 

342 mg, 1.1 mmol, 
1 eq. BrH22C11Br 

994 mg 7.2 
mmol, 6.6 eq. 

343 mg, 0.6 mmol, 
53% 

8 PyO-C12-
OPy 

222 g, 1.0 mmol, 2 eq. 
1-Hydroxypyrene 

167 mg, 0.5 mmol, 
1 eq. BrH24C12Br 

465 mg 3.2 
mmol, 6.6 eq. 

282 mg, 0.47 
mmol, 92% 

9 NaphO-C6 1.0 g, 6.9 mmol, 1 eq. 
1-naphthol 

1.14 g, 6.9 mmol, 
1 eq. H13C6Br 

3.16 g 22.9 
mmol, 3.3 eq. 

1.4 g, 6.3 mmol, 
91% 

10 NaphO-C6-
ONaph 

1.0 g, 6.9 mmol, 2.1 eq. 
1-naphthol 

0.8 g, 3.3 mmol, 1 
eq. BrH12C6Br 

3.01 g 21.8 
mmol, 6.6 eq. 

747 mg, 2 mmol, 
61% 

11 MeO-
NaphO-C6 

470 mg, 2.7 mmol, 1 
eq. 5-methoxy-
naphthalen-1-ol 

445 mg, 2.7 mmol, 
1 eq. H13C6Br 

1.1 g 7.8 mmol, 
2.9 eq. 

653 mg, 2.5 mmol, 
94% 

12 

 

MeO-
NaphO-C6-
ONaph-
OMe 

0.7 g, 3.6 mmol, 2.1 eq. 
5-methoxy-
naphthalen-1-ol 

467 mg, 1.9 mmol, 
1 eq. BrH12C6Br 

0.8 g 5.8 mmol, 
3.0 eq. 

411 mg, 0.95 
mmol, 50% 
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Chemical characterization of all donor compounds: 

PyO-C6 

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 8.49 (d, J = 9.2 Hz, 1H), 8.10 (ddd, J = 8.6, 7.3, 1.4 Hz, 3H), 8.04 (d, J 
= 9.2 Hz, 1H), 7.99 – 7.93 (m, 2H), 7.88 (d, J = 9.0 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 4.32 (t, J = 6.5 Hz, 2H), 2.07 – 1.96 
(m, 2H), 1.69 – 1.59 (m, 2H), 1.49 – 1.35 (m, 4H), 0.96 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, Chloroform-d1): δ 
[ppm] = 153.41, 131.91, 131.87, 127.41, 126.39, 126.19, 126.00, 125.63, 125.24, 125.14, 125.01, 124.30, 124.21, 
121.46, 120.57, 109.28, 69.14, 31.82, 29.63, 26.11, 22.81, 14.23. MALDI/TOF found 302,20 m/z (calculated 
302,17).FT-IR (cm-1): 3045 (w), 2953 (m), 2941 (m), 2926 (m), 2869 (m), 1627 (w), 1599 (m), 1510 (s), 1487 (m), 
1472 (m), 1449 (m), 1432 (m), 1407 (m), 1370 (m), 1325 (m), 1308 (w), 1259 (s), 1239 (s), 1213 (m), 1190 (m), 1177 
(w), 1148 (m), 1105 (m), 1071 (m), 996 (m), 841 (s), 830 (s), 816 (s), 784 (w) 757 (m), 739 (m), 728 (m), 718 (s), 675 
(m), 622 (m), 561 (w), 505 (w).  

PyO-C9 

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 8.48 (d, J = 9.1 Hz, 1H), 8.10 (dd, J = 8.7, 6.6 Hz, 3H), 8.04 (d, J = 9.2 
Hz, 1H), 7.96 (dt, J = 7.7, 3.2 Hz, 2H), 7.88 (d, J = 8.9 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 4.32 (t, J = 6.5 Hz, 2H), 2.01 (p, 
J = 6.9 Hz, 2H), 1.63 (p, J = 7.3 Hz, 2H), 1.50 – 1.22 (m, 10H), 0.90 (t, J = 6.4 Hz, 3H). 13C NMR (101 MHz, Chloroform-
d1): δ [ppm] = 153.41, 131.90, 131.87, 127.40, 126.38, 126.18, 126.00, 125.63, 125.24, 125.14, 125.00, 124.29, 
124.21, 121.47, 120.58, 109.29, 69.15, 32.06, 29.75, 29.67, 29.64, 29.46, 26.44, 22.85, 14.28. MALDI/TOF found 
344,24 m/z (calculated 344,21). FT-IR (cm-1): 3044 (w), 2965 (w), 2940 (w), 2925 (m), 2873 (m), 2857 (m) 1627 (w), 
1599 (m), 1509 (s), 1487 (w), 1466 (m), 1433 (m), 1407 (m), 1394 (m), 1325 (m), 1306 (w), 1259 (s), 1238 (s), 1213 
(m), 1190 (m), 1178 (w), 1148 (m), 1118 (m), 1071 (m), 1036 (m), 1004 (m), 957 (m), 841 (s), 830 (s), 819 (s), 782 
(w) 757 (m), 740 (m), 728 (m), 718 (s), 675 (m), 621 (m), 561 (w), 483 (w). 

PyO-C12 

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 8.48 (d, J = 9.1 Hz, 1H), 8.19 – 8.07 (m, 3H), 8.03 (d, J = 9.2 Hz, 1H), 
7.95 (dt, J = 7.7, 3.2 Hz, 2H), 7.88 (d, J = 8.9 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 4.33 (t, J = 6.5 Hz, 2H), 2.01 (p, J = 6.8 
Hz, 2H), 1.63 (p, J = 7.4 Hz, 2H), 1.50 – 1.19 (m, 16H), 0.88 (t, J = 6.5 Hz, 3H). 13C NMR (101 MHz, Chloroform-d1): δ 
[ppm] = 153.42, 131.91, 131.88, 127.41, 126.39, 126.19, 126.00, 125.64, 125.25, 125.14, 125.01, 124.30, 124.21, 
121.47, 120.59, 109.31, 69.17, 32.08, 29.84, 29.82, 29.79, 29.66, 29.63, 29.52, 26.44, 22.85, 14.28. MALDI/TOF 
found 386,32 m/z (calculated 386,26). FT-IR (cm-1): 3036 (w), 2947 (w), 2925 (m), 2847 (m), 1627 (w), 1600 (m), 
1511 (m), 1490 (w), 1463 (m), 1432 (m), 1396 (m), 1325 (m), 1308 (w), 1261 (s), 1236 (m), 1212 (m), 1192 (m), 
1149 (m), 1115 (m), 1070 (m), 1021 (m), 999 (m), 946 (w), 886 (w), 838 (m), 828 (s), 766 (w) 742 (m), 727 (m), 711 
(s), 676 (m), 622 (m), 615 (m), 562 (w), 481 (w). 

PyO-C6-OPy  

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 8.40 (d, J = 9.1 Hz, 2H), 8.01 (ddd, J = 8.0, 6.9, 1.4 Hz, 6H), 7.92 – 7.85 
(m, 6H), 7.81 (d, J = 8.9 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H), 4.32 (t, J = 6.3 Hz, 4H), 2.06 (t, J = 5.9 Hz, 4H), 1.82 – 1.73 
(m, 4H). 13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 153.32, 131.89, 131.84, 127.39, 126.45, 126.19, 126.00, 
125.62, 125.31, 125.11, 125.06, 124.32, 124.24, 121.36, 120.59, 109.29, 68.93, 29.64, 26.30. MALDI/TOF found 
518,21 m/z (calculated 518,22). FT-IR (cm-1): 3041 (w), 2965 (w), 2849 (w), 1597 (w), 1508 (m), 1487 (w), 1459 (m), 
1431 (m), 1407 (m), 1400 (w),  1386 (m), 1324 (m), 1302 (w), 1256 (s), 1238 (s), 1213 (m), 1190 (w), 1173 (m), 1178 
(w), 1148 (m), 1116 (m), 1106 (m), 1072 (m), 1041 (m), 999 (m), 966 (w), 954 (w), 913 (w), 892 (w) 839 (m), 828 
(s), 819 (s), 758 (m), 713 (s), 689 (m), 675 (m), 620 (w). 

PyO-C9-OPy  

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 8.42 (d, J = 9.1 Hz, 2H), 8.02 (d, J = 7.8 Hz, 6H), 7.97 (d, J = 9.1 Hz, 
2H), 7.89 (d, J = 8.3 Hz, 4H), 7.82 (d, J = 8.9 Hz, 2H), 7.46 (d, J = 8.3 Hz, 2H), 4.25 (t, J = 6.4 Hz, 4H), 1.96 (p, J = 6.7 
Hz, 4H), 1.60 (dd, J = 10.8, 4.2 Hz, 4H), 1.43 (t, J = 5.2 Hz, 6H). 13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 153.39, 
131.90, 131.86, 127.41, 126.40, 126.19, 126.00, 125.64, 125.25, 125.14, 125.02, 124.31, 124.22, 121.45, 120.57, 
109.29, 69.09, 29.68, 29.63, 29.51, 26.39. MALDI/TOF found 560,26 m/z (calculated 560,27). FT-IR (cm-1): 3042 (w), 
2945 (w), 2921 (w), 2875 (w), 2855 (w), 1627 (w), 1600 (m), 1510 (m), 1487 (w), 1474 (m), 1433 (m), 1408 (m), 
1396 (m), 1326 (m), 1309 (w), 1258 (s), 1237 (s), 1213 (m), 1191 (m), 1175 (w), 1150 (w), 1116 (m), 1070 (m), 1028 
(m), 985 (w), 885 (w), 839 (m), 827 (s), 818 (m), 784 (w),  754 (m), 727 (m), 712 (s), 675 (m), 623 (m), 562 (w), 494 
(w). 
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PyO-C10-OPy  

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 8.42 (d, J = 9.1 Hz, 2H), 8.05 – 7.99 (m, 6H), 7.96 (d, J = 9.2 Hz, 2H), 
7.91 – 7.85 (m, 4H), 7.81 (d, J = 9.0 Hz, 2H), 7.47 (d, J = 8.4 Hz, 2H), 4.25 (t, J = 6.4 Hz, 4H), 1.99 – 1.89 (m, 4H), 1.58 
(p, J = 7.0 Hz, 4H), 1.40 (q, J = 6.5, 4.9 Hz, 8H). 13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 153.40, 131.90, 131.86, 
127.41, 126.40, 126.19, 126.00, 125.64, 125.25, 125.14, 125.02, 124.31, 124.22, 121.46, 120.58, 109.30, 69.11, 
29.68, 29.63, 29.56, 26.41. MALDI/TOF found 574,27 m/z (calculated 574,29). FT-IR (cm-1): 3042 (w), 2942 (w), 
2922 (w), 2849 (w), 1599 (m), 1507 (m), 1473 (m), 1432 (m), 1406 (w), 1392 (m), 1324 (m), 1307 (w), 1255 (s), 1213 
(w), 1187 (m), 1151 (w), 1114 (s), 1068 (m), 1038 (w), 983 (w), 839 (m), 828 (s), 783 (w), 752 (m), 727 (m), 713 (s), 
675 (m), 622 (m), 563 (w), 490 (w). 

PyO-C11-OPy  

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 8.42 (d, J = 9.1 Hz, 2H), 8.03 (ddd, J = 7.2, 4.9, 1.4 Hz, 6H), 7.97 (d, J 
= 9.2 Hz, 2H), 7.92 – 7.85 (m, 4H), 7.81 (d, J = 9.0 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 4.25 (t, J = 6.4 Hz, 4H), 1.94 (dq, J 
= 8.6, 6.5 Hz, 4H), 1.62 – 1.52 (m, 4H), 1.46 – 1.28 (m, 10H). 13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 153.41, 
131.91, 131.87, 127.41, 126.39, 126.19, 126.00, 125.64, 125.25, 125.14, 125.01, 124.31, 124.22, 121.47, 120.58, 
109.30, 69.13, 29.72, 29.67, 29.64, 29.58, 26.40. MALDI/TOF found 588,30 m/z (calculated 588,30). FT-IR (cm-1): 
3042 (w), 2942 (w), 2918 (w), 2873 (w), 2854 (w), 1627 (w), 1601 (m), 1511 (m), 1473 (m), 1434 (m), 1407 (w), 
1396 (m), 1327 (m), 1310 (w), 1262 (s), 1239 (w), 1192 (w), 1149 (w), 1118 (m), 1071 (m), 1039 (w), 1006 (m), 884 
(w), 840 (m), 830 (s), 819 (m), 780 (w), 753 (m), 729 (m), 716 (s), 675 (m), 622 (m), 561 (w), 505 (w). 

PyO-C12-OPy  

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 8.41 (d, J = 9.1 Hz, 2H), 8.03 (dt, J = 7.2, 3.1 Hz, 6H), 7.97 (d, J = 9.2 
Hz, 2H), 7.91 – 7.85 (m, 4H), 7.81 (d, J = 8.9 Hz, 2H), 7.47 (d, J = 8.4 Hz, 2H), 4.25 (t, J = 6.4 Hz, 4H), 1.94 (p, J = 6.5 
Hz, 4H), 1.56 (p, J = 7.4 Hz, 4H), 1.46 – 1.28 (m, 12H). 13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 153.42, 131.91, 
131.88, 127.41, 126.40, 126.20, 126.01, 125.64, 125.25, 125.15, 125.02, 124.31, 124.22, 121.47, 120.59, 109.30, 
69.14, 29.75, 29.73, 29.64, 29.59, 26.41. MALDI/TOF found 602,30 m/z (calculated 602,32). FT-IR (cm-1): 3042 (w), 
2943 (w), 2922 (w), 2856 (w), 1626 (w), 1601 (m), 1511 (m), 1474 (m), 1487 (w), 1435 (m), 1407 (w), 1395 (m), 
1326 (m), 1308 (w), 1264 (s), 1213 (w), 1175 (w), 1118 (m), 1071 (m), 1035 (w), 1003 (m), 884 (w), 840 (m), 829 
(s), 819 (m), 778 (w), 755 (m), 728 (m), 717 (s), 710 (m), 675 (m), 622 (m), 562 (w), 503 (w). 

NaphO-C6 

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 8.30 (d, J = 8.4 Hz 1H), 7.83 – 7.76 (m, 1H), 7.53 – 7.44 (m, 2H), 7.39 
(dt, J = 15.5, 8.1 Hz, 2H), 6.81 (d, J = 7.3 Hz, 1H), 4.14 (t, J = 6.4 Hz, 2H), 1.94 (p, J = 6.8 Hz, 2H), 1.58 (t, J = 7.5 Hz, 
2H), 1.40 (h, J = 3.3 Hz, 4H), 0.98 – 0.90 (m, 3H). 13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 155.05, 134.64, 
127.54, 126.43, 126.05, 125.91, 125.17, 122.24, 120.05, 104.66, 68.28, 31.79, 29.44, 26.12, 22.80, 14.21. 
MALDI/TOF found 228.27 m/z (calculated 228,15). FT-IR (cm-1): 3053 (w), 2954 (w), 2929 (w), 2858 (w), 1628 (w), 
1595 (m), 1580 (m), 1509 (m), 1460 (m), 1405 (w), 1388 (m), 1347 (w), 1268 (s), 1239 (s), 1214 (w), 1178 (w), 1156 
(m), 1099 (s), 1070 (w), 1019 (m), 959 (w), 871 (w), 853 (w), 789 (s), 767 (s), 732 (m), 637 (w), 618 (w), 572 (w). 

NaphO-C6-ONaph  

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 8.32 (d, J = 8.0 Hz, 2H), 7.81 (d, J = 7.9 Hz, 2H), 7.55 – 7.34 (m, 8H), 
6.82 (d, J = 7.4 Hz, 2H), 4.18 (t, J = 6.3 Hz, 4H), 2.02 (t, J = 6.6 Hz, 4H), 1.80 – 1.69 (m, 4H). 13C NMR (101 MHz, 
Chloroform-d1): δ [ppm] = 154.97, 134.64, 127.56, 126.46, 126.04, 125.88, 125.21, 122.19, 120.13, 104.69, 68.10, 
29.44, 26.29. MALDI/TOF found 370,22 m/z (calculated 370,19). FT-IR (cm-1): 3050 (w), 2942 (w), 2868(w), 2854 
(w), 1724 (w), 1628 (w), 1594 (m), 1578 (m), 1508 (m), 1478 (m), 1461 (m), 1446 (w), 1407 (m), 1388 (s), 1349 (w), 
1267 (s), 1241 (s), 1223 (m), 1180 (w), 1159 (m), 1099 (s), 1074 (m), 1065 (m), 1019 (m), 990 (m), 961 (w), 952 (w), 
870 (w), 856 (w), 791 (s), 766 (s), 734 (m), 636 (w), 615 (w), 572 (w). 

MeO-NaphO-C6 

 1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 7.88 (d, J = 8.5 Hz, 1H), 7.82 (d, J = 8.5 Hz, 1H), 7.38 (td, J = 8.3, 5.1 
Hz, 2H), 6.86 (dd, J = 7.8, 3.1 Hz, 2H), 4.14 (t, J = 6.5 Hz, 2H), 1.97 – 1.87 (m, 2H), 1.57 (tt, J = 9.1, 6.7, 4.6 Hz, 2H), 
1.39 (p, J = 3.7 Hz, 4H), 0.94 (td, J = 6.6, 2.3 Hz, 3H). 13C NMR (101 MHz, Chloroform-d1): δ [ppm] = 155.31, 155.28, 
154.78, 126.97, 126.79, 126.73, 125.42, 125.33, 125.30, 125.18, 125.10, 125.06, 114.60, 114.13, 105.84, 105.76, 
104.82, 68.61, 68.55, 55.84, 55.82, 55.79, 31.78, 29.43, 26.09, 22.79, 14.20. MALDI/TOF found 258,20 m/z 
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(calculated 258,16). FT-IR (cm-1): 2952 (m), 2929 (m), 2868 (m), 2836 (w), 1590 (m), 1508 (s), 1471 (m), 1463 (m), 
1453 (m), 1409 (s), 1382 (s), 1342 (w), 1265 (s), 1212 (m), 1183 (w), 1080 (s), 1069 (s), 1065 (s), 1048 (s), 992 (m), 
959 (w), 943 (m), 879 (m), 870 (w), 774 (s), 729 (w), 723 (w), 615 (m), 591 (w), 498 (m). 

MeO-NaphO-C6-ONaph-OMe 

1H NMR (400 MHz, Chloroform-d1): δ [ppm] = 7.87 (d, J = 8.5 Hz, 2H), 7.82 (d, J = 8.5 Hz, 2H), 7.36 (td, J = 8.1, 3.0 
Hz, 4H), 6.85 (d, J = 7.6 Hz, 4H), 4.16 (t, J = 6.3 Hz, 4H), 4.00 (s, 6H), 1.99 (t, J = 6.6 Hz, 4H), 1.75 – 1.66 (m, 4H). 13C 
NMR (101 MHz, Chloroform-d1): δ [ppm] = 155.32, 154.76, 126.92, 126.77, 125.38, 125.21, 114.50, 114.13, 105.63, 
104.72, 68.25, 55.74, 29.43, 26.27. MALDI/TOF found 430,24 m/z (calculated 430,21). FT-IR (cm-1): 3018 (w), 2932 
(m), 2922 (m), 2909 (w), 2860 (w), 2834 (w), 1593 (m), 1508 (m), 1475 (m), 1459 (m), 1442 (m), 1408 (s), 1383 (s), 
1262 (s), 1215 (m), 1193 (w), 1170 (m), 1079 (s), 1069 (s), 1047 (s), 1034 (s), 997 (m), 960 (w), 912 (m), 888 (m), 
853 (w), 834 (w), 771 (s), 737 (w), 671 (m), 614 (m), 592 (m), 551 (w), 504 (w). 

Thermal characterization of all donor compounds: 

Table 6.6: Phase transition temperaturesA and enthalpiesB recorded for all donor molecules during heating. Heating 
rate: 10 K min-1. 

 Phase transition temperatures upon heating 

Compound Tg T1 ΔH1
 T2 ΔH2 T3 ΔH3 Tm ΔHm 

PyO-C6-OPy - 155 2.0     205 31.5 
PyO-C9-OPy 19 57 -41,4 105 2,9   132 56,6 
PyO-C10-OPy -       124 80.7 
PyO-C11-OPy -       142 94.3 
PyO-C12-OPy - 134 12.1     152 49.4 
PyO-C6 -       111 49.9 
PyO-C9 -       75 49.3 
PyO-C12 -       78 54.7 
NaphO-C6-
ONaphC 

- 5 -11.9 87 5.4   105 35.0 

NaphO-C6C - -39.4 -14.5 -18.1 2.4 -1.7 8.2 -2.4 16.6 
MeO-NaphO-
C6-ONaph-OMe 

- 124 -5.2     162 68.5 

MeO-NaphO-C6 -       60 33.0 
A The peak temperatures in the DSC traces were obtained during the second heating and cooling cycle. Tg glass 

transition. At T1- T3, thermal transitions were observed before reaching the melting temperature Tm.  B values are 

given in kJ/mol. C Heating rate 5 K min-1. 
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Table 6.7: Phase transition temperaturesA and enthalpiesB recorded for all donor molecules during cooling. Heating 
rate: 10 K min-1. 

Phase transition temperatures upon cooling 

Compound Tg Tc ΔHc T4 ΔH1 

PyO-C6-OPy - 149 29.1   

PyO-C9-OPy 13 - -   

PyO-C10-OPy - 91 73.4   

PyO-C11-OPy - 113 78.5 92 3.0 

PyO-C12-OPy - 115 45.3   

PyO-C6 - 89 48.7   

PyO-C9 - 65 48.0   

PyO-C12 - 56 51.5   

NaphO-C6-ONaph - 23 13.7   

NaphO-C6 - - -   

MeO-NaphO-C6-ONaph-OMe - 124 51.7   

MeO-NaphO-C6 - 29 32.5   
A The peak temperatures in the DSC traces were obtained during the second heating and cooling cycle. Tg glass 

transition. At T4 a thermal transition was observed during cooling besides the melting temperature Tm
 B values are 

given in kJ/mol. 
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Summary 

 

 

The development of modern organic chemistry enabled the preparation of a large 

variety of synthetic colorants which soon received an indispensable social role. As already 

suggested by literature reports from the 19th century, organic materials need to contain 

certain functional groups, the so-called chromophores to exhibit colors that are visible by 

eye. Today, we know that the color of an organic material typically arises from light-matter-

interactions that involve electronic transitions such as the charge transfer (CT) from an 

electron donating (D) to electron accepting moiety (A). Modern research has shown that 

besides being used as colorants, organic CT materials can be used for many more 

applications that still remain to be explored fully. 

In Chapter 1, we introduce the literature-known structure-property relationships of 

organic CT materials. First, we highlight exemplary systems that exhibit intramolecular CT 

(ICT). This class of compounds contains many functional dyes with a wide range of (opto-

)electronic applications. Subsequently, we present examples of organic CT complexes that 

are formed as adducts between D and A moieties of two individual chemical species. Finally, 

we show the recent developments of arranging molecules that contain D and A moieties on 

surface, a medium where CT complex formation is highly desirable but has not been 

achieved yet. 

In Chapter 2, we report on the design, synthesis and characterization of novel chiral and 

achiral squaraine dyes that contain the D-π-A-π-D architecture. We show that only highly 

electron-rich starting materials undergo condensation with squaric acid to form squaraine 

dyes. We investigate the rotational isomerism of one squaraine dye in detail by the 

combination of DFT calculations, FT-IR and NMR spectroscopy. Finally, we develop a 

synthetic strategy to implement a squaraine dye into a soft siloxane matrix. 

In Chapter 3, we report on the chiroptical properties, the aggregation behavior and the 

(opto-)electronic applications of our squaraine dyes. We show that the colors of the dyes 

are pH responsive and change upon aggregation. Spin-coating the mixtures of chiral and 

achiral squaraine dye results in the formation co-assembled structures. The combined 

results of optical spectroscopy and magnetic conducting atomic force microscopy show that 

the highest optical activity and the most spin-selective electron transport is achieved in the 

thin film containing 25% chiral and 75% achiral dye. 

In Chapter 4, we present a novel supramolecular approach for the preparation of 

graphitic carbon nitride-like materials. We prepare two novel, chiral supramolecular 
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building blocks that contain the s-heptazine motif and amide groups. We find that both 

compounds form optically active aggregates in poor solvent. We show that heating and 

annealing the thin film prepared from the building block that contains additional urethane 

groups can be used to cleave off the catalytically inactive side chains without melting the 

thin film. The increase of the relative amount of nitrogen atoms and retaining a high surface 

area during the thermal curing step are suggested to promote catalytic activity by 

structurally approaching graphitic carbon nitride in the supramolecular system. 

In Chapter 5, we present a series of novel double N,N’-bis(n-alkyl)-naphthalenediimides 

(NDIs) for the functionalization of highly oriented pyrolytic graphite (HOPG) surfaces with 

electron-poor double lamellar structures. The pitch of the NDI lamellae is precisely tuned 

by the length of the alkyl chain that connects two NDI cores covalently. The investigation of 

the bulk morphologies by X-ray scattering indicates that in bulk, lamellar structures are 

formed, too, which have comparable repeating units as the surface structures. 

Nevertheless, we find subtle differences in the structural details between the lamellae 

formed in both media which we ascribe to the partial desorption of the alkyl spacers from 

HOPG surface. 

In Chapter 6, we investigate the stepwise functionalization of surfaces with D-A-

mixtures. Electron-rich pyrenes are added on top of the NDI double lamellae described in 

Chapter 5. Depending on the molecular structures of the NDIs and the pyrenes, different 

morphologies are formed. Whereas most NDI-pyrene combinations show lateral or vertical 

phase separation, several mixtures show the formation of new surface domains that consist 

of co-adsorbed structures. The detailed structural analysis shows that co-adsorption occurs 

either in plane or in D-A stacks. The close proximity and rotational angle between the 

chromophores in the D-A stacks are indicative of CT complex formation on the HOPG 

surface. 
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Some general conclusions and future 

perspectives 

 

 

Charge transfer processes and supramolecular chemistry have been identified as pivotal 

elements in many biological processes. Owing to the complexity of most biological systems, 

the structure-property relationships that are required to design highly functional artificial 

supramolecular charge transfer systems remain yet to be explored fully. 

This thesis shows several approaches for developing model systems to study the 

formation and the applications of prospective supramolecular charge transfer systems. The 

co-assembly of chiral and achiral semiconducting squaraine dyes is a brilliant example for 

creating a binary mixture that has a greater functionality than the sum of its individual parts. 

Since applications realized by the usage of organic spin-filtering materials are currently still 

at their beginning, the demonstrated increase of the spin polarization by mixing two 

components has important implications for optimizing the materials that are used in future 

spintronic devices. Since the nitrogen-rich s-heptazine motif has already been suggested by 

many literature reports for a variety photo- and electrocatalytic applications, its potential 

for spintronic applications is standing to reason. With the synthetic strategy described in 

this thesis, it is possible synthesize small molecules that both contain the functional s-

heptazine motif and form self-assembled nanofibers. Although the presented building 

blocks need further optimization to enable a thorough investigation of the consequences of 

side chain cleavage on material and spin-filtering properties, thin films with a high thermal 

stability could be prepared. The electrocatalytic functionality of these materials remains to 

be investigated quantitatively.  

Next to the preparation of functional thin films, the creation of highly defined mono- 

and bilayers poses a challenge in the field of nanotechnology and is expected to aid the 

continuing miniaturization of electronic devices. The presented NDI-pyrene system shows 

that the stepwise formation of a complex supramolecular architecture that contains charge 

transfer complexes can be achieved at an interface. Before continuing with an investigation 

of potential applications, the underlying structure-property relationships need to be 

understood better which will also give valuable suggestions for the design of other 

molecular building blocks used to create functional interfaces in a stepwise approach. 
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