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II. Short Summary 

This work constitutes the first systematic investigation of roseolumiflavin, a flavin 

derivative that emits in the red range, within the framework of a crystal engineering 

approach. This organic chromophore was chosen as a model flavin to develop 

multicomponent crystal structures in order to target the modification of solid-state 

emission behavior. The imide group served as a functional recognition site to form 

controlled supramolecular synthons based on hydrogen bonds (HB) and halogen 

bonds (XB).  

Binary co-crystals, solvates and hydrates were obtained. In addition, a systematic 

series of binary co-crystals as well as partially protonated ternary co-crystals with N-

heterocycles and acids as the second or third component, respectively, was 

investigated in more detail. One photophysical trend observed in the co-crystal 

systems is the consistent blue shift in fluorescence compared to pure roseolumiflavin, 

with the shift increasing with the extent of the reorganization of the packing pattern, 

even further enhanced in the case of the proton transfer-stabilized ternary systems. 

Solvates and hydrates also had a physicochemical effect on thermal stability, 

supporting the influence of the crystal engineering approach on material properties. 

Topological analyses allow quantification of selected interaction contributions and the 

qualitative assessment of dispersive contributions. HB at the imide group of flavins act 

as a structural guide. Stacking contacts further provide important stability contributions 

to packing formation.  

A concurrent objective was to determine the extent to which these systems can be 

obtained on the basis of mechanochemical synthesis processes, as this would also 

allow a more sustainable approach to be pursued. In fact, a large majority of the 

systems could be formed using a low-solvent liquid-assisted grinding (LAG) method.  

In summary, an overarching design principle can be derived from the results: Targeted 

modification of the solid-state emission of roseolumiflavin can be achieved via the 

imide group with defined HB and XB supramolecular synthons, which reorganize or 

replace the stacking pattern in a controlled manner. The resulting change in local 

interaction hierarchy significantly determines the stability and the degree to which the 

optical behavior can be influenced.  



 

V 

III. Kurzzusammenfassung 

Diese Arbeit dient der ersten systematischen Untersuchung von Roseolumiflavin, 

einem im roten Bereich emittierenden Flavinderivat, im Rahmen eines Crystal 

Engineering Ansatzes. Dieses organische Chromophor wurde als Modell-Flavin 

genutzt, um Multikomponenten-Kristallsysteme zu entwickeln mit der Absicht, das 

Festkörper-Emissionsverhalten gezielt zu modifizieren. Als funktionelle Anknüpfstelle 

diente die Imidgruppe, damit kontrollierte supramolekulare Synthone auf Basis von 

Wasserstoffbrücken (HB) und Halogenbindungen (XB) gebildet werden.  

Es wurden binäre Ko-Kristalle, sowie Solvate und ein Hydrat erhalten. Zudem wurde 

eine systematische Serie binärer, inklusive ternärer Ko-Kristalle mit anteiligem 

Protonenübertrag, mit N-Heterozyklen und Säuren als zweite bzw. dritte Komponente 

näher untersucht. Ein beobachteter photophysikalischer Trend der Ko-Kristallsysteme 

ist die konsistent blauverschobene Fluoreszenz gegenüber reinem Roseolumiflavin. 

Dabei nimmt die Verschiebung mit dem Ausmaß der Reorganisation des 

Packungsmusters zu und kann in protontransfer-stabilisierten ternären System weiter 

verstärkt werden. Auch konnte durch Solvate und einem Hydrat ein physikochemischer 

Einfluss auf thermische Stabilität beobachtet werden, welches den Einfluss des Crystal 

Engineering Ansatzes auf Materialeigenschaften untermauert. Topologische Analysen 

ermöglichen die Quantifizierung ausgewählter Wechselwirkungsbeiträge sowie die 

qualitative Erfassung dispersiver Beiträge. HB an der Imidgruppe des Flavins wirken 

strukturleitend und motivbildend. Stapelkontakte liefern wichtige Stabilitätsbeiträge zur 

Bildung der Packungen. Ein paralleles Ziel war es zu ermitteln, inwiefern diese 

Systeme auf Basis von mechanochemischen Syntheseprozessen erhalten werden 

können, da hierdurch auch ein übergeordneter nachhaltiger Ansatz verfolgt werden 

konnte. Tatsächlich konnte eine große Mehrheit der Systeme durch die 

lösungsmittelarme, flüssigkeitsunterstützte Vermahlung (liquid-assisted grinding, LAG) 

gebildet werden. 

Zusammengefasst lässt sich aus den Ergebnissen ein übergreifendes Designprinzip 

ableiten: Gezielte Modifizierung der Festkörper-Emission von Roseolumiflavin gelingt 

über die Imidgruppe mit definierten, supramolekularen HB und XB Synthonen, welche 

das Stapelmuster kontrolliert reorganisieren oder ersetzen. Die daraus resultierende 

Veränderung der lokalen Wechselwirkungshierarchie bestimmt maßgeblich die 

Stabilität und inwieweit das optische Verhalten beeinflusst werden kann. 
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1. Introduction 

1.1. The Concept of Crystal Engineering 

The rise of supramolecular chemistry in the late twentieth century fundamentally 

reshaped the way chemists approached molecular organization. The “chemistry 

beyond the molecule”, as J.-M. Lehn defined it1, placed non-covalent interactions at 

the center of molecular recognition and self-assembly. Analogous to E. Fischer’s lock-

and-key concept from 18942, molecules identify partners through a host-guest model 

based on both energetic and geometrical complementarity3,4. The pioneering works of 

J.-M. Lehn, D. J. Cram and C. J. Pedersen were awarded the 1987 Nobel Prize in 

Chemistry, highlighting the significance of supramolecular chemistry as a novel 

emerging discipline. 

The development of supramolecular chemistry of molecular systems stimulated the 

emergence of crystal engineering, a counterpart focusing on solid-state periodic 

structures. Crystal engineering, which lies at the core of the work presented in this 

thesis, constitutes a comparatively young branch within the wider framework of 

chemical history. First introduced in 1955 by R. Pepinsky at the American Physical 

Society meeting held in Mexico City5, the term rose to wider attention in the 1970s. 

The coinage was further consolidated by contributions of G. M. J. Schmidt, whose work 

on studies on the topochemical photodimerization of cinnamic acid derivatives 

established the principle that molecular reactivity in the solid state is governed by 

crystal packing6,7, and by J. M. Thomas, who reflected on Schmidt’s findings from the 

perspective of crystal engineering and explicitly introduced examples in the mid-

1970s8,9. Over the upcoming decades, the mere concept emerged into an established 

discipline. Bridging organic chemistry, solid-state chemistry and materials science, this 

emerging discipline is best conceived as an interplay between crystallography and 

chemistry, as articulated by G. R. Desiraju10. Indeed it was Desiraju who, particularly 

from the 1980s to 1990s, significantly elaborated on its conceptual foundations and the 

role and versatility of the hydrogen bond11–20, with today´s understanding of crystal 

engineering still rooted in his 1989 definition as “the understanding of intermolecular 

interactions in the context of crystal packing and the utilization of such understanding 

in the design of new solids with desired physical and chemical properties”18. Hence, 

under this premise, understanding intermolecular interactions is not merely informative 
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but constitutive for what crystal engineering can achieve. The subsequent years 

witnessed important conceptual and methodological advances. During the 1990s, 

hydrogen bond motifs were systematically categorized, supported by the development 

of the graph-set notation by M. C. Etter and J. Bernstein21 and Desiraju’s concept of 

the supramolecular synthon in 199516, which provided a unifying framework for rational 

crystal design. The following decade expanded towards the exploration of alternative 

non-covalent interactions such as π∙∙∙π stacking22, C—H∙∙∙π stacking23–27 and notably 

halogen bonds. The latter, through the pioneering contributions of P. Metrangolo and 

G. Resnati28–33, established itself as an interaction comparable in its utility as a 

supramolecular design tool to hydrogen bonds and significantly broadened the scope 

of supramolecular design strategies. At the same time, the crystallographic field 

underwent major developments especially aided by data-driven analyses and 

theoretical calculations which transformed a largely experimental science into a 

computationally assisted discipline. Part of these advancements is the implementation 

of the Cambridge Structural Database (CSD) in 1965, which has since evolved into the 

central repository for all published organic and metal-organic small-molecule crystal 

structures34.  

 

Figure 1 Historical and conceptual milestones shaping the field of crystal engineering. 

The continuous curation has established the CSD as a foundational resource for data-

based crystallography. In parallel, approaches toward crystal structure prediction 

(CSP) marked a conceptual leap, moving beyond the question “what is the structure?” 

towards “what could the structure be?”. Among the extensive research conducted in 

this area (which will not be discussed here in detail as it lies beyond the scope of this 
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thesis) blind test projects were initiated and hosted by the Cambridge Crystallographic 

Data Centre since 1999, aiming to evaluate, assess and build upon the status quo of 

organic crystal structure prediction software and methodologies35–41. The rapid 

progress of artificial intelligence (AI)-based tools may foster the next generation of AI-

assisted CSP approaches, lowering computational demands and substantially 

improving predictive reliability42–46.  

Despite these methodological and computational advances, the predictability of crystal 

formation remains inherently limited. As Desiraju noted47, crystal engineering still 

retains a partly empirical character because molecular self-assembly in the solid state 

involves a fine interplay of thermodynamic and kinetic factors that cannot yet be fully 

controlled. Moreover, polymorphism, solvent effects and subtle conformational 

flexibility frequently determine crystallization outcomes in ways that remain difficult to 

anticipate46,48–54. It is therefore the author’s intention to clarify the limitations and 

contextual boundaries that define this very field. When engineering of a crystal is 

asserted, a rational design approach is the typical assumption. However, such design 

is naturally constrained by the aforementioned inherent unpredictability of the 

crystallization process, where direct control remains elusive. D.-K. Bučar in his 2017 

perspective article highlighted several challenges of crystal structure design observed 

in his research group, underscoring the limited predictability of design strategies and, 

in conclusion, calling for closer interplay between experimentalist and theoretical 

chemists to overcome these obstacles55. To illustrate this further, one study conducted 

in our research group in 2022 mapped the multicomponent crystallization of racemic 

baclofen and phenibut with tartaric and malic acid across both solution and 

mechanochemical routes. The essential conclusion was that hydrate intermediates are 

pervasive and often outcompete anhydrous targets; phase purity is frequently 

compromised; and mechanochemistry can selectively produce anhydrous forms. Yet, 

reproducibility can be challenging, depending on the respective systems56. These 

examples nonetheless are not intended to diminish the scientific value of crystal 

engineering but rather to demonstrate a critical awareness of the empirical framework 

with which such studies are carried out. D. Braga, for instance, shares Desiraju’s 

holistic view of this discipline as a rational approach towards functional solid-state 

materials, describing it as a continuum from analysis to design, albeit without 

deterministic guarantees. But this is to be understood optimistically, as Braga argues: 
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“This lack of predictability, instead of weakening the motivation of the crystal makers, 

has strengthened the need for further experimentation and research”57. For the record, 

Bučar likewise emphasized that the challenging instances he presented were not 

intended to discourage but rather to raise awareness of potential unexpected 

outcomes amid numerous successful cases55. To conclude this section, it may be 

emphasized that crystal engineering, though still rooted in empirical observation, is 

steadily advancing toward more rational and model-guided design, a transition that 

reflects not only methodological progress but also the maturation of the discipline itself.  

1.2. Intermolecular Interactions 

A crystal engineer is, unsurprisingly, concerned with crystals. But what does a crystal 

as a pinnacle of interest actually mean? Is it a final product, thus, the outcome of a 

design process, the material manifestation of a supramolecular intent? Or is it a model 

system through which supramolecular design principles can be evaluated? Does it 

represent a tool through which the crystal engineer can observe, quantify, and 

ultimately understand intermolecular interactions? Or can it, in some way, even be 

understood as a medium by which molecules express their preferred modes of 

association? All those deeper senses are thus valid, and crystals are not merely 

products but complex symbols of the language of molecular self-assembly.  

The discussion of the complexity of contexts, associated with crystals in crystal 

engineering is beyond the scope of this introduction. However, even a naïve approach 

of direct analysis of characteristic structural patterns is of undeniable value for the 

experimentalist. What should still be stressed is that a crystal ultimately represents the 

result of the interplay between all underlying intra- and intermolecular interactions 

operating within a given system. Viewed from a supramolecular chemistry perspective, 

the study of the latter is crucial to expand our understanding of a given system, find 

patterns, motifs or supramolecular synthons to utilize as a tool for rational design. The 

following section provides a concise overview of the most prominent intermolecular 

interactions that underpin pattern recognition and guide crystal structure analysis.  

1.2.1. The Hydrogen Bond 

Among the various non-covalent forces that govern molecular association, the 

hydrogen bond remains the most comprehensively studied and arguably the most 

influential in dictating molecular crystal structures. Historically, its recognition dates 
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back to the early 20th century with pioneering works of W. M. Latimer and W. H. 

Rodebush in 1920, who, following G. N. Lewis’ newly proposed theory of the shared 

electron pair58, described the hydrogen atom as capable of being electrostatically 

attracted by two electronegative centers simultaneously59. They suggested that a 

hydrogen nucleus could be “held between two octets”, thereby forming a weak but 

distinct bridge between molecules. This conceptualization laid the foundation for L. 

Pauling’s later formal definition in The Nature of the Chemical Bond in 193960 and 

ultimately established the hydrogen bond as a fundamental organizing principle in both 

molecular chemistry and crystallography. Spectroscopic and crystallographic studies 

throughout the mid-20th century refined its description61–66. Desiraju emphasized its 

role as a predictable and designable supramolecular interaction, thereby transforming 

the hydrogen bond from a structural phenomenon into a design-oriented tool of crystal 

engineering.  

The 2011 International Union of Pure and Applied Chemistry (IUPAC) recommended 

consensus definition describes the hydrogen bond (HB) as an attractive interaction that 

forms between a hydrogen atom from one molecular fragment with another fragment, 

either within the same molecule or between molecules, where evidence of bond 

formation is observable67. A simple depiction is X—H⋯Y—Z to represent the HB via 

three dots between the interacting molecular fragments. That said, the interaction itself 

is not to be understood as a single, uniform physical mechanism. Instead, a hydrogen 

bond represents a compilation of energetic contributions of electrostatic, polarization, 

charge-transfer and dispersive character68–70. This directly accounts for the wide 

energetic span observed for the HB, typically ranging from values between <1 kJ/mol 

up to 40 kJ/mol, which prompted Desiraju and Steiner to classify these in weak, strong 

and very strong categories19. In rare occasions, substantially stronger hydrogen bonds 

can be detected, such as in the case of HF2
-, which was measured at 161.5 kJ/mol, or 

related systems, where interaction energies may far exceed those of conventional 

HBs71,72. These examples, however, represent exceptions and fall well outside the 

range relevant to most molecular crystals. From a crystal engineering perspective, the 

directionality of HB plays a particularly important role. HB impose spatial constraints 

that propagate beyond the local interaction into higher-order organization: Dimers 

assemble into one-dimensional linear chains, chains into two-dimensional ribbons or 

networks and ultimately into three-dimensional packing architectures (see Figure 2). In 
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other words, HB provide a robust structural scaffold for hierarchical assembly in the 

solid state21,73–75. These interactions are not merely described geometrically but also 

analyzed using topological tools. In particular, R. F. W. Bader’s Quantum Theory of 

Atoms in Molecules (QTAIM)76,77 is often employed to identify the topology of the 

electron density associated with bonding interactions. In the case of HB, the obtained 

electron density parameters can be related to hydrogen bond energies78, providing a 

versatile tool to characterize and quantify interaction modes. Ultimately, recurrent HB 

motifs are recognized as supramolecular synthons, i.e. an abstraction of a self-

assembly pathway, which could be used for the “design” of new structures with a 

reasonably high level of realization, in contrast to variable motifs based on less 

directional interactions such as generic dispersive contacts16,47,79. The aforementioned 

concept of the supramolecular synthon falls under this category. Arguably one of the 

most consequential conceptual innovations in the 1990s, the supramolecular synthon 

framework enabled a shift from purely descriptive crystallography to a more predictive 

paradigm16.  

 

Figure 2 Structural illustration of the 0-dimensional benzoic acid motif A, the 1-dimensional terephthalic 
acid motif B, the 2-dimensional trimesic acid motif C and the 3-dimensional adamantane-1,3,5,7-
tetracarboxylic acid motif D. 
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1.2.2. The Halogen Bond 

Having outlined the conceptual and design relevance of HB, it is now necessary to 

consider halogen bonds (XB) as the second major directional interaction class that, 

particularly since the early 2000s, has attained a high level of design relevance within 

supramolecular chemistry. Pioneering works, especially considering the stress on the 

relevance for modern supramolecular chemistry, are to be contributed to Metrangolo, 

Resnati and colleagues, who aided in recognition and standardization of the term 

halogen bond29–31. First reports of halogen-involved interactions with electron donors 

date back to 186380, with H. Bent81 and O. Hassel82 discussing characteristics of 

related interactions and hydrogen bonds in the late 60s and early 70s, respectively, 

though the explicit conceptualization of these contacts as a distinct and designable 

supramolecular interaction class emerged only much later83. This culminated in the 

IUPAC definition of the halogen bond in 2013 as an attractive interaction between the 

region of positive electrostatic potential on a halogen atom and an electron donor site84. 

The high polarizability of the heavier halogens (particularly Br and I) enables the 

formation of short-contacts with electron-rich species, whereas this effect is 

considerably reduced for Cl and essentially negligible for F. Consequently, a positively 

polarized site forms along the bond axis, located along the prolongation of the 

covalently bonded halogen atom. T. Clark, J.S. Murray, P. Politzer and colleagues 

extensively discussed this positive electrostatic region and introduced the term σ-

hole83,85–88. The combination of high polarizability and the alignment along the 

elongated covalent C—X bond axis results in pronounced directionality, typically 

displaying nearly linear X⋯Y geometries with bond angles approaching 180°, often 

exceeding the geometric precision of HB28,89–92. Furthermore, selective perfluorination 

of XB donors enhances the σ-hole by withdrawing electron density from the halogen 

atom, thereby strengthening its ability to interact with electron-rich acceptors29,85,93–95. 

The selectivity of the halogen atom, influencing both size and strength, makes this kind 

of interaction highly tunable. The interaction strength can range from 10 to 200 

kJ/mol28, albeit typical XB would fall in the lower end of this, usually ranging 5 to 30 

kJ/mol96,97. Figure 3 displays a schematic representation of the halogen bond and 

some typically observed trends. 

Compatibility with HB has been a topic of concern when both possible interacting 

partners are present. Undoubtedly, the similarity between both bonds can in certain 
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cases lead to competition and selectivity between HB and XB98–105, several cases show 

interplay of both interactions to occur side by side or with the same backbone leading 

to both coexistence and cooperativity, at times even with synergistic effects106–112. A. 

R. Voth et al. highlighted that halogen bonding can either directly compete with 

hydrogen bonding or both interactions coexist at a shared acceptor113,114 while C. C. 

Robertson et al. point out the role of the solvent that aids in control of the intermolecular 

interactions115. Overall, the possible synergism of HB and XB provides a powerful 

extension of the supramolecular design toolkit. 

 

Figure 3 Schematic representation of halogen bond between a R—X fragment and a nucleophile Nuc. 
Charge distribution around the halogen atom X result in formation of a positive region (σ-hole) along the 
R—X axis. Trends observed across the halogen series are an increase in polarizability, σ-hole size as 
well as the strength of the halogen bond donor. 

1.2.3. Stacking Interactions and Other Dispersive Forces 

While the HB and XB represent the most directional and designable types of 

intermolecular interactions, they rarely act in isolation. Weaker, yet pervasive 

dispersive forces frequently contribute to molecular organization, either emerging as 

stabilizing interactions in the final solid-state structure or subtly influencing the 

assembly pathway leading to it. These non-directional but omnipresent forces 

encompass a variety of close-contact interactions, prominently van der Waals 

interactions. In the sense adopted by Desiraju within crystal engineering, the term 

encompasses all stabilizing or destabilizing forces that arise from London dispersion 

and are not attributable to hydrogen bonds or other anisotropic forces116. Although 

individually weak, their ubiquity and cumulative nature essentially render them 
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significant contributors to both crystal stability and packing preferences17,116–119. To 

qualitatively visualize such weak contacts, non-covalent interaction (NCI) plots provide 

utility. Based on the electron density as well as the reduced density gradient, NCI plots 

reveal regions of strong and weak attractive or repulsive interactions. Via them, the 

contribution of dispersive contacts can be detected, assessed and qualitatively 

compared120. 

 

Figure 4 Comparison of key characteristics of hydrogen bonds, halogen bonds and dispersive 
interactions. 

Within this wider dispersive landscape, stacking interactions between aromatic π-

systems represent a distinct influential subclass, typically referred to as π⋯π 

interactions. In the context of crystal engineering, stacking interactions fulfil a dual role. 

On the one hand, controlled stacking can be employed as a design tool. Predictable 

motifs allow the crystal engineer to direct molecular assembly and deliberately 

influence the resulting crystalline architecture. On the other hand, specific stacking 

arrangements can represent a design objective in their own right. Several classes of 

functional materials derive their properties from a desired stacking geometry, in many 

cases specific π⋯π interactions, making the intentional construction of targeted 

stacking patterns a central goal. Section 1.4. will address these in more detail.  

Hydrogen bonds

•Requirement: donor D-H + acceptor A

•Directionality: high

•Strength: wide energetic window, dependance of
acidity/basicity

•Tunability: pKa difference

Halogen bonds

•Requirement: R-X + nucleophile Nuc

•Directionality: high

•Strength: wide energetic window driven by
halogen selection, polarizability

•Tunability: selection of halogen

Dispersive interactions

•Requirement: dispersion-dominated

•Directionality: less strict

•Strength: weak

•Tunability: planarity, steric control, substituents
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Particularly the π⋯π interaction was conceptually modelled by C. A. Hunter and J. K. 

M. Sanders in 1990. Their model assumes that π⋯π stacking is governed by 

quadrupole-based electrostatic interactions between aromatic rings to rationalize 

preferred stacking geometries. Each ring possesses a negative π-electron density 

above and below the plane and a positive region around the C—H areas121. Statistical 

analyses (on the basis of metal complexes) by C. Janiak establish that nearly all 

experimentally observed π⋯π interactions adopt parallel-displaced or slipped 

geometries rather than perfect face-to-face arrangements22,121. Figure 5 illustrates 

some common, observable stacking geometries. Notably, π⋯π interactions have long 

been the subject of debate as their physical origin is often contested. At the core of the 

debate lies the question of how their physical origin should be interpreted and whether 

common conceptual pictures misrepresent the underlying forces122–126. The C—H⋯π 

interaction, as an illustrative case, exemplifies this uncertainty, as it is variably 

classified as a weak hydrogen bond or as a π-type interaction depending on the system 

and criteria applied25,27,127,128. The classical Hunter-Sanders model provides an 

important electrostatic framework, although E. Wheeler in 2025 reassessed that some 

of its popular interpretations are oversimplified. He furthermore demonstrated, that the 

original Hunter-Sanders potential can still reproduce qualitatively correct trends for 

certain geometries, yet modern computational analyses show that dispersion-driven 

and short-range contacts between substituents and π surfaces constitute the primary 

determinants of π⋯π stabilization129.  

 

Figure 5 Common stacking motifs: cofacial, parallel-displaced and edge-to-face arrangement. 

Dispersive interactions therefore complement directional interactions such as HB and 

XB and frequently determine the overall packing arrangement. This becomes 

particularly evident in the solid state, where subtle variations in the underlying 
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geometry can reorganize the supramolecular architecture and potentially shape 

structural and functional characteristics. 

1.3. Multicomponent Crystals: Co-Crystals and Beyond 

In the field of materials science, many opportunities to design tailor-made materials 

exist, and multicomponent crystals are a prime example. Composed of different 

molecular components held together by non-covalent forces, novel systems arise 

consequently with modified or tuned physicochemical features, dependent on the 

nature of the components, the design target as well as the rational design approach. 

For example, semiconductor properties can be tuned by donor-acceptor co-

crystallization, as shown for the 1:1 co-crystal of 1,5-dihydroxynaphthalene and 

7,7′,8,8′-tetracyanoquinodimethane through pairing of π-stacking donor and acceptor. 

Here, A. Mandal et al. observed the resulting co-crystal yield a narrow bandgap of 

around 1 eV and a low LUMO energy level (-3.8 eV), associated with improved air 

stability130. Another recent example of X. Fan and co-workers reports that four organic 

charge-transfer co-crystals of p-fluoranil deliver improved specific capacity and cycling 

stability as organic Li-ion battery electrodes relative to the individual components131. 

As a further illustration, the anti-inflammatory drug Diclofenac was 1:1 co-crystallized 

with picolinamide, leading to improved tabletability and enhanced solubility, as 

described in a recent study of C. Wu et al. in 2025132. In fact, a wide range of properties 

are tunable through multicomponent crystal formation, including mechanical 

properties133–138, pharmaceutical performance139–147, dissolution behavior140,148–153, 

photophysical responses or optical characteristics154–159, among others. 

One prominent class of these crystalline materials, foremost for a crystal engineer, is 

the co-crystal. Although it is common to begin with a straightforward definition, no 

single, universally applicable definition of a co-crystal exists (while there exists a 

proposed solution, to which will be referred later in this paragraph). This lack of 

uniformity stems from the inherently gradual boundaries between the various classes 

of multicomponent solids, among which co-crystals appear alongside salts, solvates 

and hydrates. These categories share numerous structural and conceptual features, 

yet their terminology often implies sharp distinctions that, in practice, are difficult to 

draw. The question of how co-crystals should be classified has therefore been the 

subject of debate160–164. A detailed recitation of this debate lies beyond the scope of 
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this work; Still, a brief overview is necessary to clarify the position adopted here and to 

make explicit the assumptions under which this thesis intends to operate: After the first 

wave of the flourishing period of crystal engineering, the term co-crystal (or cocrystal, 

though we will proceed to use the former) simultaneously gained popularity as a 

designation for crystalline solids composed of two or more components. Early 

reflections of Desiraju in 2003, followed by J. D. Dunitz in the same year, initiated a 

discussion on how clear of a distinction can be made between a co-crystal and other 

multicomponent crystalline systems and what the prefix “co-” really implies160,163? A. 

D. Bond in 2007 argued that it is essentially synonymous with the older term multi-

component molecular crystals and that conciseness and convenience were major 

reasons for the widespread adoption of the new term161. A multi-authored 2012 

perspective article at last offered a quasi-consensus definition to define co-crystals as 

following: “co-crystals are solids that are crystalline single phase materials composed 

of two or more different molecular and/or ionic compounds generally in a stoichiometric 

ratio”165. This definition is what the author of this dissertation understands best to 

operate with, as it establishes a clear and practical framework. That said, what remains 

unresolved is to what extent solvates or hydrates represent subclasses of co-crystals 

or whether they should be regarded as distinct categories. In the interest of conceptual 

clarity, the stance taken here is to treat solvates and hydrates as separate classes in 

order to avoid ambiguity for the reader. Ultimately, it is less important which definition 

is considered correct than that a mutual understanding is established regarding the 

terminology used164,166. In the following, there shall be outlined briefly what is 

structurally understood by the terms co-crystal, solvate and hydrate:  

Co-crystals consist of a target molecule and at least one additional component 

(commonly referred to as a co-former) which remains chemically intact within the lattice 

and does not undergo complete proton transfer, in contrast to salts. The components 

assemble through supramolecular synthons consisting of non-covalent interactions. 

These interactions shape the structural identity of a co-crystal and lay the basis for 

rational design, as the deliberate choice of a co-former allows systematic modification 

of both the packing arrangement and the resulting functional properties. In a recent 

2024 study, A. Mondal et al. reported the impact through reduction of the initial 3D 

hydrogen-bonding network to 2D via co-crystallization of isoniazid with 3,4-

dimethylbenzoic acid. By this, a significant decrease in stiffness of the compound was 
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achieved167. In contrast, solvates contain incorporated solvent molecules (with water-

containing species specifically classified as hydrates) that originate from the 

crystallization medium and become part of the lattice. These species are not selected 

as deliberate co-formers, often stabilizing voids between the primary molecular 

components. Their presence can arise from coordination, hydrogen bonding, or 

general inclusion through dispersive contacts. The strict defining feature is that the 

solvent acts as a lattice guest rather than a designed structural partner. In practice, 

however, they often engage in directional interactions168–172. 

Multicomponent crystalline materials can additionally be classified by the number and 

nature of their components. Binary systems comprise two components and form the 

most common case. Ternary systems (and so on) extend this principle by incorporating 

additional components, thereby increasing the structural complexity but following the 

same general logic of supramolecular assembly. A further point of classification, 

though conceptually less clear-cut, concerns the protonation state of the components. 

Following the 2012 consensus definition, both neutral and ionic species may 

participate in co-crystal formation, provided that they coexist within a single crystalline 

phase without full proton transfer between the main molecular components. However, 

when the dominant mode of association is governed by complete proton transfer, the 

resulting solid is more appropriately described as a salt. Multicomponent crystals can 

thus be placed between two extremes, from fully neutral co-crystals on the one end 

and fully ionic salts on the other. A common approach is the use of the ΔpKa between 

the components to indicate whether a system is more likely to form a salt or a neutral 

co-crystal153,173,174. Yet, as shown in S. L. Childs et al.’s work, ΔpKa alone cannot fully 

predict the outcome, since many systems near the threshold display partial proton 

transfer and fall within the salt/co-crystal continuum173. Moreover, consistent 

terminology for such systems is lacking, in some cases generalized as mere co-

crystals, mixed ionized phases or ionic co-crystals175–177, to name a few.  

Taken together, these considerations provide the conceptual framework within which 

multicomponent crystals are discussed in this thesis. In the following, particular 

emphasis will be placed on their use as a means to modulate photophysical properties. 
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1.4. State of the Art: Tuning Luminescent Photophysical Response 

At first glance, the concept appears straightforward: physicochemical properties of 

materials can, in principle, be modulated merely by changing the molecular 

surroundings without changing the covalent building block. Within such context, the 

ability to deliberately modify photophysical behavior of organic chromophores in the 

solid state is central to a wide range of functional materials. Tuning optical features 

and control over excitation processes underpin recent developments of, for example, 

organic light-emitting diodes (OLEDs)178–183, luminescent sensors184–187 as well as 

magnetic188 or mechanochromic189,190 materials. To achieve predictable changes in 

absorption and/or emission behavior, quantum yields, luminescence lifetimes or 

charge transfer processes is therefore a key objective in materials chemistry. B. Li et 

al. in 2024 demonstrate that even variation of the stoichiometric ratio of the donor-

acceptor co-components in pyrene-macrocycle and 1,2,4,5-tetracyanobenzene co-

crystals results in distinct, tunable solid-state emission from yellow to red color, linking 

charge-transfer transition state formation to the different ratios191. 

The broad literature on electronic processes in organic and molecular crystals 

emphasizes that excitation processes in aggregated environments of molecules show 

distinctively different spectral response compared to an isolated molecule. The 

fundamentals lie in the ability of condensed phase materials to transport excitation 

energy ubiquitously and in that environment initiate energy transfer processes, such 

as luminescence, charge-transfer and photochemical reactions192–195. A principal early 

illustration of such collective solid-state behavior is the Davydov splitting, where 

intermolecular excitonic coupling causes the separation of degenerate electronic 

transitions196. In the following, the focus is set on π-conjugated organic chromophores, 

for which the dominant electronic transitions are of π→π* (and occasionally n→π*) 

character. While the general concepts of exciton formation and environment-

dependent tuning of excited states can, in principle, be extended to other types of 

chromophores, the vast majority of examples are rooted in such π-systems and 

likewise the discussed compounds with which this thesis is concerned. 

Restricting this brief summary of the excitation process to the most common cases of 

photophysically initiated activities, excitation upon absorption of a photon can be 

viewed as the transportation of an electron from the electronic ground state S0 to an 
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arbitrary higher singlet excited state Sn (n≥1). This would in the following populate 

excited states, which in turn through relaxation processes follow a hierarchy of 

pathways. The fast intramolecular vibrational relaxation (IVR) redistributes and/or 

relaxes vibrational energy from excited modes to other vibrational modes. Internal 

conversion (IC) relaxes the excess energy from different electronic states, funneling 

the population into the lowest excited singlet state S1. These processes are radiation-

less. Slower subsequent radiative and competing non-radiative mechanisms ultimately 

return the molecule to its ground state192,197,198. Following Kasha’s rule199, the emission 

process originates from the lowest electronically excited state. In a spin-allowed 

singlet-singlet radiative decay S1→S0, typically exhibiting lifetimes in the nanosecond 

range, the process is referred to as fluorescence. Population of triplet states is enabled 

by intersystem crossing (ISC) and after subsequent IVR and IC processes ultimately 

to the T1 state, non-radiative T1→S0 decay is possible. The corresponding radiative 

decay is called phosphorescence. The term describes a spin-forbidden triplet-singlet 

T1→S0 transition, characterized by much longer lifetimes spanning milliseconds to 

seconds197,198. The Jabłoński diagram serves as a convenient tool to illustrate these 

mechanisms (see Figure 6). 

 

Figure 6 Simplified Jabłoński diagram illustrating excitation, radiative decay (fluorescence and 
phosphorescence) and the key non-radiative pathways (IVR, IC, ISC). 
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Once the same chromophores are packed into a crystal lattice, their excited states can 

no longer be regarded as strictly localized on a single molecule. The crystalline state 

can have significant influence on the luminescence200–202, in cases even displaying 

enhanced emission of a compound in solid-state compared to its emissive capacity in 

solution203. Depending on the molecular packing arrangement or within charge-transfer 

or intermolecular interaction motifs, the photophysical response can significantly 

differ204. D. Barman et al., for example, achieved color-tunability primarily through 

packing-driven structural transformations, where adjusting acceptor strength induces 

hybrid stacking modes and yields color-specific polymorphs including, in one case, 

triplet-harvesting thermally activated delayed fluorescence (TADF)157. One and the 

same chromophore may display markedly different absorption and emission energies, 

quantum yields and excited-state lifetimes in different crystalline environments, even 

though its underlying electronic structure would remain essentially unchanged202,205–

207. In this context, co-crystals offer a particularly attractive way to modulate the 

photophysical response of an organic chromophore without altering its covalent 

structure. Here, compared to purely single-component crystals, the co-crystal 

approach adds a modular aspect. A careful selection of co-formers can thus support 

adjustment efforts of the photophysical properties. N. Xue et al. in 2024 report full-

color-tunable TADF by host-guest co-crystals of calix[3]acridan. Besides enhanced 

quantum yield, the authors stress especially how intentional modulation of the co-

formers’ electron-withdrawing ability results in fine-tunable emission color response 

from blue to red208. Early supramolecular and co-crystal-based work to demonstrate 

the modulation of solid-state luminescence emerged in the early 2010s. For example, 

A. Hori and co-workers in 2008 showed the linkage of two bipyridine derivatives via co-

crystallization yields a red-shifted emission band209, while S. P. Anthony et al. in 2009 

showed that hydrogen-bonded multicomponent crystals of a triphenylamine-based 

acid with different amines exhibit blue shifted emission bands in the solid state, 

enabling reversible switching and tuning of the luminescence by simple 

supramolecular chemistry210. D. Yan et al. in 2011 reported the controlled modification 

of one- and two-photon luminescence of stilbene-type compounds via a co-

crystallization approach211, which in turn was highlighted by J. D. Wuest as a new 

paradigm to “tune up” light emission in molecular solids212.  



 

17 

 

The work on this field has rapidly grown into a general design concept that seeks to 

systematically exploit the environmental responsiveness of organic chromophores in 

the solid state. A series of reviews has since highlighted how systematic co-

crystallization efforts and related multicomponent crystal engineering strategies have 

enabled fine controlled tuning of solid-state photophysics. Given the breadth of the 

field, this section can only highlight selected developments. Several recent reviews 

provide comprehensive coverage and will be highlighted in the following. M. Singh et 

al. for example summarize recent approaches towards rational design of organic co-

crystals with room temperature phosphorescence and report on the structure-property 

relationship213. Complementary perspectives come from reviews on charge-transfer 

co-crystals by X. Zhang et al.214, the stimuli-responsive behavior of this subclass of 

organic co-crystals is further reviewed on by L. Sun et al.215; P.Yu et al. provide an 

overview of diverse aspects, strategies and advancements of crystal engineering 

approaches on organic optoelectronic materials154. A conceptual overview is offered 

by J. Gierschner et al. where the fundamental intra- and intermolecular factors 

governing luminescence in crystalline organic materials are briefly outlined216. D. Yan 

and co-workers, over the past decade, have published a series of reviews that 

emphasized the potential to modulate photophysical properties lying within molecular 

crystalline materials, including co-crystals155,217–221. The reader is therefore referred to 

these comprehensive accounts for an in-depth overview of design strategies, structure-

property relationships and the various potential application scenarios.  

What this ultimately underscores is that changes in the supramolecular arrangement, 

rather than modifications to the chromophore itself, can render new photophysical 

responses accessible, and co-crystals can be a valid tool for this purpose. 

1.5. Flavins 

Flavins constitute an isoalloxazine core structure, typically yellow-colored, formally 

corresponding to a 7,8-dimethylbenzo[g]pteridine-2,4(3H,10H)-dione parent 

structure222. See Figure 7 for a structural representation. They feature a chemical 

versatility which can be attributed to the ability of the isoalloxazine parent to form 

numerous redox states, each of which featuring different photophysical properties223–

225. Besides their important roles in biological or metabolic processes, especially when 

exerting the role as enzyme cofactors in flavoproteins223,226–229, flavins exhibit 
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photochemical activity, both in solution environment and in solid state228. Flavin 

derivatives, most notably riboflavin, display the capability as photosensitizers and 

photocatalysts222,228,230–232, which makes them an attractive design element for light-

responsive platforms233–236. In their oxidized form, flavins display absorption bands in 

solvent environment in visible regions with maxima around 370 nm to 450 nm and in 

near-UV regions around 220 nm to 270 nm224. Flavins typically display fluorescence. 

Their absorption and emission behavior in solution environment has been investigated 

in depth (primarily on a theoretical level) including different protonation and redox 

states237–249. The photophysics in the visible region of the oxidized form derive from π-

π* transitions of the isoalloxazine core223,225,247. It was shown that the choice of the 

solvent impacts fluorescence quantum yields as well as intensity and shifts of 

absorption and emission bands, dependent on polarity and proticity222,247,250–252.  

This environmental sensitivity is not only limited to the dissolved species. Flavins can 

exhibit luminescence in solid state. However, research on this aspect of this compound 

is scarce. Noteworthy is the work of M. Sikorski’s research group on the elucidation of 

the photophysics of a selection of flavins and flavin-like compounds, where solid state 

fluorescence spectra are reported next to mostly solution-based investigations. In all 

cases the crystalline phase measurements displayed red-shifted emission bands 

compared to those obtained from solution246,248,253,254. This can be a consequence of 

the rigid, defined framework determined by the crystal lattice in contrast to largely 

monomeric species in solution. That in turn raises the question to what extent 

intermolecular interactions and packing motifs govern the solid-state photophysics of 

flavins. 

In flavoproteins, the isoalloxazine ring of the flavin is embedded in a network of specific 

non-covalent interactions255 which suggests its suitability as a modular element in 

supramolecular chemistry considerations. Since the isoalloxazine core in the flavin is 

per definitionem 7,8-dimethyl-substituted and the N(10) position is likewise typically 

functionalized, the N(3) position, surrounded by two electronegative carbonyl sites 

together constructing the imide functional group, remains the primarily attractive 

electron affine site225. From a supramolecular design perspective, this specific site 

promises utility. K. Nishimoto et al. calculated possible hydrogen bond energies at the 

hetero atoms in lumiflavin to assess their effect on electron acceptability, reporting the 

order N(3)H>N(5)>O(12)>N(1)>O(14)256. V. M. Rotello et al., in an attempt to mimic 
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complex flavoenzyme interaction patterns, demonstrated that a three-point donor-

acceptor-donor (DAD) HB motif between flavin and model receptors sufficed to induce 

shifts of electron reduction potential, attributed to stabilization of the semiquinone 

radical224,257,258. In fact, a small number of flavin-based multicomponent crystal 

structures exist like co-crystals259–262 or solvates263 and salts264–268, although the 

majority of these reports is dated to the 1970s and no dedicated focus was set to 

elucidate the solid-state structure-property relationships. 

 

Figure 7 Structure of the isoalloxazine ring system with corresponding atom numbering. Shown are 
substituent combinations R1-R3 for isoalloxazine, the general flavin core and flavin derivatives lumiflavin, 
roseoflavin and roseolumiflavin. 

8-(dimethylamino)-7,10-dimethylbenzo[g]pteridine-2,4(3H,10H)-dione, in the following 

referred to as roseolumiflavin, is a red-colored flavin derivative. Like its structural 

parent roseoflavin, it possesses a dimethylamino substituent on C(8) position. 

Roseoflavin in solution, unlike typically yellow-colored flavins like riboflavin, displays in 

visible range an absorption maximum around 500 nm269,270, thereby absorbing 

tapredominantly in green-blue region. In contrast to roseoflavin, the N(10) position is 

merely substituted by a methyl group in roseolumiflavin, which facilitates a less 

sterically restrictive framework, offering increased freedom for targeted structural 

modification on a supramolecular basis. Prior to the works presented in this thesis, 

roseolumiflavin was only addressed on a theoretical level by B. Karasulu and W. Thiel, 

who investigated photophysical properties in vacuum, water and benzene, highlighting 

the role of the molecular environment in shaping its excited-state landscape271. No 

experimental data or solid-state structural information was available, representing a 

knowledge gap which the present thesis aims to address.   
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1.6. Crystallization and the Mechanochemical Approach 

A myriad of crystallization techniques exist to obtain the respective solid-state 

materials. A common saying suggests that crystallization is more art than science, 

reflecting its strongly empirical and experience-driven character272,273. This thesis is 

concerned with two particular approaches, namely common solvent evaporation 

methods from solution and mechanochemical synthesis by grinding. In the first case, 

the compounds are dissolved in a given stoichiometric ratio in a suitable solvent or 

solvent mixture, and the solvent is set to evaporate. This leads to gradual 

supersaturation along with the evaporation process and co-crystals can grow as a 

result. By this, serving as a simple and efficient method, co-crystals can be generated 

or initial co-crystal screening studies executed274,275. One advantage is that by this 

method single-crystal growth suitable for X-ray diffraction (single-crystal X-ray 

diffraction, SCXRD) can be achieved directly out of solution, as the crystallographer 

can control the rate of the evaporation. Slow evaporation is often desired. However, it 

needs thus to be taken into consideration that the crystallization step can take time143. 

In contrast, mechanochemical crystallization relies on the application of mechanical 

force, such as grinding or milling, to provoke molecular recognition and synthesis 

directly in the solid-state. This procedure can be conducted by neat (dry) grinding or 

accompanied by mere catalytic amounts of liquid (liquid-assisted grinding, LAG). From 

a crystal engineering aspect, this does not only encompass covalent reactions but also 

the reorganization of molecular packings and co-crystal formation276.  

No single mechanism for mechanochemical co-crystallization is fully established. 

Several authors however suggest that it is rather to be understood as a combination of 

occurring phenomena. In an early review paper of T. Friščić and W. Jones in 2009 they 

concluded that co-crystal formation under neat grinding may involve concurrent 

mechanisms like molecular diffusion, eutectic formation or amorphous-phase 

mediation. The LAG approach likewise could not be fully understood, the liquid may 

act as a physical lubricant and diffusion medium or provide the basis for templating 

effects276. One initially discussed “hot-spot-theory“, which suggested 

mechanochemical reactivity to be explained by high temperature spots of over 1000 

degrees to emerge during the operation has been criticized277–279 and rather replaced 

by later mechanistic interpretations. A. A. L. Michalchuk classified mechanochemical 
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reactions into three types depending on the primary role of mechanical energy, be it 

(Type 1) mixing-dominated processes including frictional heating, (Type 2) processes 

where mechanical energy modifies the stability of the reactants or (Type 3) processes 

in which it directly excites the system and triggers the reaction. In any case, most real 

such transformations involve a combination of these mechanisms280.  

Compared to solution-based routes, mechanochemical co-crystallization offers some 

practical advantages. Reactions can be run under solvent-free or near solvent-free 

conditions, which can drastically reduce waste and aligns well with green chemistry 

principles281–283. Also, the solid-state approach can overcome problems of solvent 

choice, especially for poorly soluble systems. Moreover, mechanochemical reactions 

can follow different pathways, leading to new results281. In practice, the outcome can 

be highly sensitive to parameters such as the mill type, filling degree, ball material or 

size, and this can both complicate initial studies as well as possible scale-up 

approaches284. On the other hand, this allows flexibility and tuneability of the synthesis 

parameters.   
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2. Motivation 

In recent years, society has increasingly turned its attention toward sustainable 

approaches for both novel as well as established subjects. This development is not 

only addressed at a sociocultural and political level, but it also requires a 

reconsideration of long-standing design principles. Among the numerous areas 

affected is the field of materials science. Many technologies operate in close contact 

with solid-state materials, be it in displays, laser technologies, electronic devices, 

sensing or related applications. In this context, the pursuit to identify alternative, more 

environmentally friendly components is an often-considered approach. Alternatively, if 

resource substitution is not feasible, it is the methodology that may evolve. 

As outlined in Section 1.4, the solid-state photophysics of organic chromophores is 

highly sensitive to their molecular environment. This offers an attractive opportunity to 

tailor photophysical response through crystal engineering strategies. A variety of π-

conjugated systems have been explored over recent years and naturally the outcome 

of such research depends on the underlying selected compounds. Flavins constitute a 

versatile molecular building block platform: The isoalloxazine parent structure can be 

modified with a broad range of functional groups, engendering a large number of 

derivatives. By this, systematic variation of steric and electronic parameters is 

achievable while maintaining comparability with the chromophore core. Flavin 

chromophores are excellent candidates for sustainable metal-free organic solid-sate 

materials due to their versatility and synthetic accessibility. Exploiting their utility in the 

context of crystal engineering strategies opens up potential future applications and lays 

the groundwork for controlled modification of this compound class on a supramolecular 

level. Despite extensive investigation on their photophysical behavior primarily in 

solution, flavins have remained surprisingly underexplored in the solid state. Moreover, 

no prior systematic assessment of the supramolecular multicomponent flavin-based 

systems regarding fine-tuning of solid-state photophysics is reported, yet the molecular 

crystalline solids of this class of chromophores exhibit significant potential in this 

context. Roseolumiflavin, an isoalloxazine derivative and a known red-light emitter, 

was selected as a promising model system to develop this field. The choice of this 

particular compound was motivated by several key features that are favorable for a 

crystal engineering approach: 



 

23 

 

1. Solubility: To initiate supramolecular assembly, it is crucial for the compound to 

inhibit sufficient solubility, optimally in a wide variety of solvents. This further 

enables controlled crystal growth and simplifies the initial screening process both 

to determine crystallization conditions and to decide suitable co-formers. 

Roseolumiflavin is soluble in a range of polar aprotic and protic solvents and thus 

allows fine adjustment of crystallization conditions.  

2. Small molecule: The compact yet modifiable molecule with a limited amount of 

supramolecular binding sites is advantageous for co-crystallization, allowing facile 

incorporation and rationalization of the intermolecular interactions (note, that 

particularly small, synthetically accessible, luminescent organic platforms are 

relatively scarce). The small size allows better structure-properties relationship 

analysis to derive correlations. Small residues attached to the isoalloxazine core of 

roseolumiflavin place it in this category and make it a suitable model compound. 

3. Suitable recognition sites: A set of suitable supramolecular functionalities known 

to form predictable supramolecular synthons allows to expect successful 

crystallization as well as the rationalization of the ensued structure. Roseolumiflavin 

offers a primary imide-based recognition site and secondary, partially shielded HB 

sites, with additional potential XB acceptor functionality. Thereby, the competition 

between interactions is limited, rather a hierarchic synergy is expected. 

The focus is set on the utilization of the flavin’s imide group as solution-based 

investigations imply this route to be the most promising, see Section 1.5. Beyond the 

primary recognition site, the ultimately achieved crystal structure environment of the 

multicomponent systems will be governed by a subtle interplay of multiple weak, non-

covalent interactions. Secondary contacts, such as π⋯π stacking, additional HB and 

XB or dispersion-driven interactions can likewise determine relative orientation of the 

molecular units within the crystal lattice. The different realized supramolecular 

structures define certain differences in evolution of the excited states, bridging 

supramolecular structure specifics and solid-state photophysics. Thus, the 

multicomponent strategy used in this work additionally aims at exploring their influence 

on structure and properties. The question herein is not only whether a fine-tuning of 

photophysical properties can be achieved but also to what extent one can predict the 

outcome. Finally, particular focus is placed on exploring mechanochemical routes to 

crystallization of such systems, adding a sustainability-oriented dimension to this work.  
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3. Objectives of the Thesis 

The present thesis aims to establish roseolumiflavin as a model flavin chromophore for 

multicomponent crystal engineering and to derive generalizable design principles when 

solid-state optical response is sought to be tuned through a supramolecular approach. 

 

Figure 8 Conceptual workflow of the thesis objectives, linking crystal structures with photophysical, 
energetics and topology analyses towards the derivation of a design principle for roseolumiflavin-based 
multicomponent systems. 

Specifically, the objectives are to: 

i. Identify robust pathways to utilize the flavin’s imide group to develop 

multicomponent supramolecular solids and test the possibility of 

actualization of different supramolecular synthons (involving HB and XB). 

ii. Structurally determine and compare the resulting packing motifs. 

iii. Correlate structural differences with solid-state photophysical properties. 

iv. Rationalize packing preferences and interaction hierarchies using 

energetical approach and topological analyses. 

v. Establish mechanochemical routes as a sustainable synthetic approach for 

the selective crystallization of multicomponent systems. 

This dissertation consists of three published works, which tackle the goals in different 

ways reporting roseolumiflavin-based multicomponent crystalline systems. 
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4. Published Work 

The following sections 4.1. to 4.3. cover the results of the dissertation which have been 

published in international journals. Each section will introduce the publications with a 

brief summary of its content and key results. The contributing authors are listed and 

this author’s contributions to the projects are listed separately. Figures, schemes and 

tables will follow a numeration individual to the respective publication and independent 

to this thesis. The same applies to the references. The corresponding supporting 

information is likewise included.  

The publications are presented in chronological order. All titles are reproduced 

verbatim from the original publications. Permissions were obtained where required.  
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4.1. Co-Crystallization of Organic Chromophore Roseolumiflavin and 

Effect on its Optical Characteristics 

Takin Haj Hassani Sohi, Felix Maaß, Constantin Czekelius, Markus Suta, Vera 

Vasylyeva 

DOI: 10.1039/D2CE00589A 

CrystEngComm, 2022, 24, 7315-7325 

Reproduced from Ref.285 with permission from the Royal Society of Chemistry. The 

article is licensed under a Creative Commons Attribution 3.0 Unported License. Under 

the terms of appropriate credit attribution, sharing and adapting the material in any 

medium for any purpose are allowed. 

Three co-crystals of roseolumiflavin, each connected by different supramolecular 

synthons at the imide group recognition site, were presented in a first-time systematic 

study investigating the suitability of a flavin to co-crystallize and the impact on structure 

and property. For this, acetylene-dicarboxylic acid, 1,4-diiodotetrafluorobenzene and 

2,4-diamino-pyrimidine were chosen as small, model co-formers to provide a 

carboxylic group for acid-amide heterodimer formation, a halogen bond donor to 

investigate accessibility beyond classical hydrogen bonds and a three-point 

recognition DAD source. All co-crystals showed blue-shifted fluorescence in red range 

compared to the near-infrared-emitting roseolumiflavin. It was shown that the degree 

of close packing between the flavin molecules in the crystal lattice can influence the 

magnitude of the emission-band shift.  
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Contributions of the author: 

• Conceptualization based on literature research together with Vera Vasylyeva. 

• Experimental work, investigation and validation of results, including synthesis of 

powder samples and single crystals together with Felix Maaß. This includes 

consistent approaches to optimizing synthesis conditions during the project. 

• Measurement and evaluation of emission and excitation spectra in solvent 

environment, SCXRD, FTIR and DSC. 

• Evaluation of TGA measurements. 

• Measurement and evaluation of PXRD together with Felix Maaß.  

• Measurement and evaluation of solid-state emission spectra, excitation spectra 

and luminescence lifetimes together with Markus Suta and Felix Maaß. 

• Visualization of all figures, tables and data. 

• Manuscript writing, literature research and preparation of supporting material. 

• Review and editing of manuscript together with Vera Vasylyeva and Constantin 

Czekelius. 

• Revision process together with Vera Vasylyeva, Constantin Czekelius and 

Markus Suta. 
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4.2. A Comparison Study of Roseolumiflavin Solvates: Structural and 

Energetic Perspective on Their Stability 

Takin Haj Hassani Sohi, Felix Maaß, Constantin Czekelius, Vera Vasylyeva 

DOI: 10.3390/cryst13101512 

Crystals, 2023, 13(10), 1512 

Reproduced from Ref.286. All articles published by Molecular Diversity Preservation 

International (MDPI) are made immediately available worldwide under an open access 

license. No special permission is required to reuse all or part of the article published 

by MDPI, including figures and tables.  

In this study, a set of solvates and hydrates was reported and structurally 

characterized. Phase stability was investigated via lattice energy calculations and 

showed an energetic benefit for all the systems. Via Crystal Explorer, total interaction 

energy calculations were conducted and identified cofacial stacks to have significant 

impact on crystal lattice stability. QTAIM analysis evaluated single intermolecular 

interactions within the investigated fragments. The study further showed that thermal 

stability is tuned by solvent inclusion. 

Contributions of the author: 

• Conceptualization based on literature research together with Vera Vasylyeva. 

• Experimental work, investigation and validation of results, including synthesis of 

powder samples and single crystals together with Felix Maaß. This includes 

consistent approaches to optimizing synthesis conditions during the project. 

• Measurement of SCXRD and FTIR; measurement of PXRD together with Felix 

Maaß. Evaluation of the data and results. 

• Evaluation of TGA measurements. 

• Generation of Gaussian input files, calculations of lattice energies via Quantum 

Espresso, QTAIM and Crystal Explorer calculations. Evaluation of the results. 

• Visualization of all figures, tables and data. 

• Manuscript writing, literature research and preparation of supporting material. 

• Review and editing of manuscript together with Vera Vasylyeva. 

• Revision process together with Vera Vasylyeva. 
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4.3. Tuning Molecular Assembly and Optical Properties via 

Cocrystallization: A Case Study of Roseolumiflavin in Binary and 

Ternary Multicomponent Systems 

Takin Haj Hassani Sohi, Lea Pongratz, Felix Maaß, Sarah Merzenich, Laura 

Samperisi, Constantin Czekelius, Vera Vasylyeva 

DOI: 10.1021/acs.cgd.5c01261 

Cryst. Growth Des., 2025, 25, 24, 10482–10496 

Reproduced with permission from Ref.287. Copyright 2025 American Chemical Society. 

In this final study of roseolumiflavin, a set of N-heterocyclic co-formers was chosen to 

explore the incremental influence on photophysical properties as a result of co-

crystallization. A series of binary and ternary flavin co-crystals (the latter referred to as 

molecular ionic co-crystals due to partial proton transfer from an acid molecule to the 

co-former) are reported and predominantly prepared via eco-friendly LAG method. 

Single-crystal structures show that the original packing in the flavin is replaced and this 

molecular rearrangement results in blue-shifted emission relative to the parent flavin, 

the most pronounced in the ternary systems. Supported by QTAIM and NCI analyses 

the dominance of strong hydrogen bonds is derived from the crystal structure data 

which stabilizes the systems and stacking/dispersion interactions both contribute to 

structural robustness and help rationalize observed trends in photophysical response 

across the series of multicomponent systems. 
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Contributions of the author: 

• Conceptualization based on literature research and prior investigations together 

with Vera Vasylyeva. 

• Experimental work, investigation and validation of results, including synthesis of 

powder samples and single crystals together with Lea Pongratz and Felix Maaß. 

This includes consistent approaches to optimizing synthesis conditions during 

the project. 

• Measurement and evaluation of pKa values, SCXRD and FTIR. 

• Preparation and evaluation of CIE 1931 coordinates. 

• Evaluation of TGA measurements and CHNS elemental analyses. 

• Measurement and evaluation of PXRD together with Lea Pongratz and Felix 

Maaß. 

• Measurement and evaluation of solid-state emission and excitation spectra 

including calculation of FWHM and Stokes shifts together with Sarah Merzenich. 

• Generation of Gaussian input files, calculations of QTAIM, NCI plots and basic 

structural motifs (BSM). Evaluation of the results. 

• Visualization of all figures, tables and data. 

• Manuscript writing, literature research and preparation of supporting material. 

• Review and editing of manuscript together with Vera Vasylyeva. 

• Revision process together with Vera Vasylyeva, Sarah Merzenich and 

Constantin Czekelius. 
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5. Conclusion 

This dissertation is concerned with the main objective of establishing roseolumiflavin 

as a model flavin chromophore for multicomponent crystal engineering attempts. Along 

these lines, it aims to derive generalizable design principles for tuning solid-state 

optical response of flavins via supramolecular assembly. Three published works tackle 

these goals. The thesis objectives (see Chapter 3) were approached systematically. 

First, the imide group of roseolumiflavin proved to be a reliable and accessible source 

for controlled, rational design. Binary co-crystals constructed via different 

supramolecular synthons illustrated the versatility of this flavin with respect to different 

interaction patterns, validating its suitability as a crystal engineering platform. Novel 

multicomponent structures could be obtained using both HB- and XB-donating co-

formers. These results provided the foundation for a subsequent study with a selection 

of N-heterocyclic derivatives to systematically probe how targeted co-former variation 

influences structure-property relationships. 

Second, the resulting packing motif analyses, primarily addressed in the first and third 

study, support the hypothesis that the central structure-property relationship regarding 

emission tuning via supramolecular assembly is governed strongly by the perturbation 

of flavin-flavin packing. After successful supramolecular assembly and structural 

characterization, spectroscopic measurements consistently show that co-crystals 

exhibit blue-shifted fluorescence in comparison to the pure flavin and the magnitude of 

the shift is determined by the extent to which both hydrogen bonding and stacking 

flavin⋯flavin packing motifs are reorganized or even replaced. This is particularly 

evident through the involvement of π-stacking co-formers. The observed optical 

modulation can be attributed primarily to the co-former-induced rearrangement of the 

packing environment rather than to its structural identity. The second study 

complements these findings by identifying π⋯π stacking as a stabilizing contributor in 

most phases. Solvate and hydrate formations expanded the accessible 

multicomponent structures beyond co-crystals, demonstrating additional adaptability 

of the flavin. Based on lattice energy calculations from obtained single-crystal structure 

data a consistent energetic benefit of solvent inclusion could be identified. Moreover, 

their inclusion demonstrates that physicochemical behavior such as thermal stability is 

likewise tunable. In the third study, the expanded series of co-formers, focusing on a 
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set of N-heterocycle derivatives, redefined the attainable window of emission behavior 

and highlighted the role of charge-assisted interactions. Different derivatives emit 

within a defined wavelength range, showing that deliberate co-former selection and 

modification influence the luminescence response translated through effects on 

emission bandwidth narrowing or Stokes shift variations, for example. Acid inclusion, 

initiating proton transfer between acid and co-former, extended emission shifts up to 

158 nm relative to roseolumiflavin. 

Third, topological analyses such as QTAIM and NCI plots based on obtained single-

crystal structure data rationalize the occurrence of specific packing motifs. NCI surface 

visualizations for the ternary systems in the final study underline stacking-related 

interaction regions and their shift from flavin⋯flavin to flavin⋯co-former contacts from 

binary to ternary systems. Complementary, QTAIM quantifies the HB strengths, 

including the desired imide group recognition site. This illustrates the relative 

stabilization of the supramolecular motif. Basic structural motif analysis reveals a clear 

stabilization trend from binary to ternary systems, with binding energies reaching -

165.81 kJ/mol in observed binary systems, up to -260.38 kJ/mol in ternary systems. 

Together, these approaches show that motif selection is governed by the connectivity 

between co-former and flavin at the imide group recognition site providing energetic 

benefit, while packing is driven by stacking and dispersive force, adding robustness. 

Finally, mechanochemistry was demonstrated as a viable, sustainable synthesis 

strategy for the multicomponent phases. The vast majority of the obtained novel 

crystalline phases could be produced or reproduced by LAG methods, reducing 

reliance on bulk solvents and providing a basis for more sustainable future studies. 

Taken together, this thesis provides a basis to derive a design principle to construct 

multicomponent systems of roseolumiflavin: Targeted modification of solid-state 

emission can be tuned in a broad color range. By co-former-induced modification of 

the native flavin⋯flavin stacking motif rather than by interaction type alone. Co-formers 

with suitable ring systems can intervene in the stacking or packing environment, 

allowing the adjustment of emission band shifts and further fine-tuning through 

derivatization. Additional acid incorporation extends the luminescence response 

range, as shown via proton transfer and the resulting changes in packing arrangement. 

This demonstrates a rational approach to form emission bands within a desired range. 
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6. Additional Publications 

In this chapter all further publications will be listed and briefly presented with 

contributions of the author.  

The first publication presented, titled “Polyphosphonate covalent organic frameworks”, 

will include a list of this author’s contributions and a short summary as this author 

shares first authorship; thus, it will be presented more verbosely. Furthermore, the 

following publication, titled “Targeted Fluorescence Enhancement of Acridones by 

Hydrogen Bonding in Solution and Solid State”, will be highlighted similarly, as parts of 

the project and related contributions originated from the bachelor’s thesis of Martin 

Polko, conceptualized and supervised by this author.  

All following publications are listed in chronological order and include a list of this 

author’s contributions as a co-author. 

The co-authorship primarily includes single-crystal preparation and selection, followed 

by SCXRD measurements, data preparation for publication, preparation of 

crystallographic tables, structure solution and evaluation of the results. Further 

contributions include lattice energy calculations, QTAIM and NCI plot calculations 

including validation and evaluation of the results and the preparation of figures and 

plots.  

All titles are reproduced verbatim from the original publications.   
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Polyphosphonate covalent organic frameworks 

K. Xu*, R. Oestreich*, T. Haj Hassani Sohi*, M. Lounasvuori, J. G. A. Ruthes, Y. Zorlu, 

J. Michalski, P. Seiffert, T. Strothmann, P. Tholen, A. Ozgur Yazaydin, M. Suta, V. 

Presser, T. Petit, C. Janiak, J. Beckmann, J. Schmedt auf der Günne and G. Yücesan 

* These authors contributed equally. 

Nat Commun, 2024, 15, 7862. 

A novel class of polyphosphonate covalent organic frameworks (COFs) constructed 

via P-O-P linkages are reported. Prepared via a reagent-free, one-step thermal 

condensation, the structure is investigated in different thermal and chemical 

environments. The P-O-P formation and the transition to partially amorphous 

microporous states are investigated by 31P solid-state NMR, FTIR, XPS and TGA-MS. 

The polyphosphonate COF exhibits good stability in water and water vapor and 

electrochemical stability in 0.5 M Na2SO4. Effective CO2 capturing is facilitated due to 

narrow pores of the COF. 

Contributions of the author: 

• Performance of temperature-variable PXRD measurements.  

• Testing of chemical stability. 

• Writing of paragraph in manuscript about the temperature-variable PXRD 

measurements including chemical stability in differing environments. 

 

Targeted Fluorescence Enhancement of Acridones by Hydrogen Bonding in 

Solution and Solid State 

M. Jantz, D. Klaverkamp, B. Bendel, T. Haj Hassani Sohi, M. Polko, L. Bunnemann, T. 

Böhmer, M. Putscher, C. Marian, C. Czekelius, V. Vasylyeva, M. Suta, P. Gilch 

J. Mater. Chem. C, 2025, in revision. 

The study demonstrates that N-methyl-acridone (NMA) forms a hydrogen-bonded 

complex with Schreiner’s catalyst (SCat). Solution-based experiments show a ninefold 

increase of the fluorescence quantum yield. In the solid state, the components form a 

1:1 co-crystal, as confirmed by SCXRD. The photophysical measurements reveal a 
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threefold increase in fluorescence quantum yield, blue-shifted emission and sharper 

emission bands. Quantum-chemical calculations attribute the fluorescence 

enhancement to an energetic up-shift of nπ* excited states. 

Contributions of the author: 

• Conceptualization of co-crystal part together with Vera Vasylyeva. 

• Single-crystal preparation, SCXRD measurements and single-crystal structure 

data evaluation of NMA⋯SCat and SCat together with Martin Polko. 

• PXRD and FTIR measurements and evaluation of the results. 

• Writing paragraph about the effect of hydrogen bonding in NMA co-crystals 

together with Benedikt Bendel.  

• Writing ESI paragraph about SCat crystal structure details. 

• Preparation of figures 3, 4, S7, S9 and S10 and crystallographic table S3. 

• Revision of the manuscript. 

 

Co-crystals of zwitterionic GABA API's pregabalin and phenibut: properties and 

application 

D. Komisarek, T. Haj Hassani Sohi and V. Vasylyeva 

CrystEngComm, 2022, 24, 8390–8398. 

Contributions of the author: 

• Evaluation and validation of lattice energy calculations based on crystal 

structure data. 

• Revision of the manuscript. 

 

Polymorphism and Multi-Component Crystal Formation of GABA and 

Gabapentin 

D. Komisarek, F. Demirbas, T. Haj Hassani Sohi, K. Merz, C. Schauerte and V. 

Vasylyeva 

Pharmaceutics, 2023, 15. 

Contributions of the author include the calculation, analysis and evaluation of QTAIM 

and NCI plots. 
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Indole Diketopiperazine Alkaloids from the Marine Sediment-Derived Fungus 

Aspergillus chevalieri against Pancreatic Ductal Adenocarcinoma 

D. H. El-Kashef, D. D. Obidake, K. Schiedlauske, A. Deipenbrock, S. Scharf, H. Wang, 

D. Naumann, D. Friedrich, S. Miljanovic, T. Haj Hassani Sohi, C. Janiak, K. Pfeffer and 

N. Teusch 

Marine drugs, 2023, 22.  

Contributions of the author: 

• Single-crystal preparation, SCXRD measurements, single-crystal structure data 

evaluation and crystal structure description of the rublumline derivative. 

• Review and revision of the manuscript. 

 

Experimental and computational studies on pseudotetrahedral nickel(ii)-(S or R)-
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