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.  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.



lll.  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
Festkorper-Emissionsverhalten gezielt zu modifizieren. Als funktionelle Anknupfstelle
diente die Imidgruppe, damit kontrollierte supramolekulare Synthone auf Basis von

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

Es wurden binare Ko-Kristalle, sowie Solvate und ein Hydrat erhalten. Zudem wurde
eine systematische Serie binarer, inklusive ternarer Ko-Kristalle mit anteiligem
Protonenilbertrag, mit N-Heterozyklen und Sauren als zweite bzw. dritte Komponente
naher untersucht. Ein beobachteter photophysikalischer Trend der Ko-Kristallsysteme
ist die konsistent blauverschobene Fluoreszenz gegenuber reinem Roseolumiflavin.
Dabei nimmt die Verschiebung mit dem Ausmal® der Reorganisation des
Packungsmusters zu und kann in protontransfer-stabilisierten ternaren System weiter
verstarkt werden. Auch konnte durch Solvate und einem Hydrat ein physikochemischer
Einfluss auf thermische Stabilitat beobachtet werden, welches den Einfluss des Crystal
Engineering Ansatzes auf Materialeigenschaften untermauert. Topologische Analysen
ermoglichen die Quantifizierung ausgewahlter Wechselwirkungsbeitrage sowie die
qualitative Erfassung dispersiver Beitrage. HB an der Imidgruppe des Flavins wirken
strukturleitend und motivbildend. Stapelkontakte liefern wichtige Stabilitatsbeitrage zur
Bildung der Packungen. Ein paralleles Ziel war es zu ermitteln, inwiefern diese
Systeme auf Basis von mechanochemischen Syntheseprozessen erhalten werden
kénnen, da hierdurch auch ein Ubergeordneter nachhaltiger Ansatz verfolgt werden
konnte. Tatsachlich konnte eine grolle Mehrheit der Systeme durch die
I6sungsmittelarme, flissigkeitsunterstitzte Vermahlung (liquid-assisted grinding, LAG)
gebildet werden.

Zusammengefasst Iasst sich aus den Ergebnissen ein Ubergreifendes Designprinzip
ableiten: Gezielte Modifizierung der Festkérper-Emission von Roseolumiflavin gelingt
Uber die Imidgruppe mit definierten, supramolekularen HB und XB Synthonen, welche
das Stapelmuster kontrolliert reorganisieren oder ersetzen. Die daraus resultierende
Veranderung der lokalen Wechselwirkungshierarchie bestimmt malgeblich die

Stabilitat und inwieweit das optische Verhalten beeinflusst werden kann.

\Y
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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 it!, 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#. 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 City®, 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 packing®’, and by J. M. Thomas, who reflected on Schmidt’s findings from the
perspective of crystal engineering and explicitly introduced examples in the mid-
1970s89. 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. Desiraju’®. 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 bond''-2%, 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™'®. 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. Bernstein?' and Desiraju’s concept of
the supramolecular synthon in 1995, which provided a unifying framework for rational
crystal design. The following decade expanded towards the exploration of alternative
non-covalent interactions such as -1 stacking??, C—H---1r stacking®®*-?” and notably
halogen bonds. The latter, through the pioneering contributions of P. Metrangolo and
G. Resnati?®-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.
1960s - 1970s 1970s - 1980s 1980s - 1990s 2000s - 2010s
Solid-state reactivity J.-M. Lehn: ,chemistry | G. R. Desiraju‘s Extension to
& packing; beyond the molecule”; § definition of crystal alternative non-covalent
early framing the rise of engineering; interactions e.g. halogen
of crystal engineering supramolecular the role of hydrogen bonds
as a concept chemistry bonds
Historical Timeline >
E. Fischer's R. Pepinsky first Nobel Prize for First CSP blind test
lock-and-key introduces the work on to benchmark crystal
concept term supramolecular structure prediction
crystal engineering chemistry methods
1894 1955 1987 1999
Cambridge Structural G. R. Desiraju introduces the
Database (CSD) supramolecular synthon
concept
1965 1995

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 methodologies3®**'. The rapid
progress of artificial intelligence (Al)-based tools may foster the next generation of Al-
assisted CSP approaches, lowering computational demands and substantially

improving predictive reliability42—.

Despite these methodological and computational advances, the predictability of crystal
formation remains inherently limited. As Desiraju noted*’, 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
anticipate®648-54_ |t 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. Bucar 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 obstacles®. 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 systems®6. 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:

3



“This lack of predictability, instead of weakening the motivation of the crystal makers,
has strengthened the need for further experimentation and research”’. For the record,
Bucar 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 cases®. 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 naive 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 20" 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 pair®®, described the hydrogen atom as capable of being electrostatically
attracted by two electronegative centers simultaneously®®. 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 1939%° and
ultimately established the hydrogen bond as a fundamental organizing principle in both
molecular chemistry and crystallography. Spectroscopic and crystallographic studies
throughout the mid-20" century refined its description®'-%6. 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 observable®’. 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 character®®-7°, 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 categories'®. In rare occasions, substantially stronger hydrogen bonds
can be detected, such as in the case of HF2, which was measured at 161.5 kd/mol, or
related systems, where interaction energies may far exceed those of conventional
HBs’'-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 state?'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)7®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 energies’®, 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 contacts'®4"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

paradigm’6.
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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.



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 bond?%-31. First reports of halogen-involved interactions with electron donors
date back to 18638, with H. Bent®' and O. Hassel®? 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 later®3. 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 site.
The high polarizability of the heavier halogens (particularly Br and 1) 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 o-
hole®385-88  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 HB288%-92_ Furthermore, selective perfluorination
of XB donors enhances the o-hole by withdrawing electron density from the halogen
atom, thereby strengthening its ability to interact with electron-rich acceptors?®:8593-95,
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/mol?8, albeit typical XB would fall in the lower end of this, usually ranging 5 to 30
kJ/mol®6-97. 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 XB%-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 effects'06-112, A,
R. Voth et al. highlighted that halogen bonding can either directly compete with
hydrogen bonding or both interactions coexist at a shared acceptor''3114 while C. C.
Robertson et al. point out the role of the solvent that aids in control of the intermolecular
interactions™5. Overall, the possible synergism of HB and XB provides a powerful

extension of the supramolecular design toolkit.
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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 (o-hole) along the
R—X axis. Trends observed across the halogen series are an increase in polarizability, o-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 forces''®. Although

individually weak, their ubiquity and cumulative nature essentially render them
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significant contributors to both crystal stability and packing preferences'”-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

compared'?°,

Hydrogen bonds Halogen bonds

eRequirement: donor D-H + acceptor A *Requirement: R-X + nucleophile Nuc
eDirectionality: high eDirectionality: high

eStrength: wide energetic window, dependance of eStrength: wide energetic window driven by
acidity/basicity halogen selection, polarizability

eTunability: pka difference eTunability: selection of halogen

Dispersive interactions

*Requirement: dispersion-dominated
eDirectionality: less strict
oStrength: weak

eTunability: planarity, steric control, substituents

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

Within this wider dispersive landscape, stacking interactions between aromatic -
systems represent a distinct influential subclass, typically referred to as -1
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 -1 interactions, making the intentional construction of targeted

stacking patterns a central goal. Section 1.4. will address these in more detail.
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Particularly the 1r---11 interaction was conceptually modelled by C. A. Hunter and J. K.
M. Sanders in 1990. Their model assumes that m---1m stacking is governed by
quadrupole-based electrostatic interactions between aromatic rings to rationalize
preferred stacking geometries. Each ring possesses a negative t-electron density
above and below the plane and a positive region around the C—H areas’?!. Statistical
analyses (on the basis of metal complexes) by C. Janiak establish that nearly all
experimentally observed 1.1 interactions adopt parallel-displaced or slipped
geometries rather than perfect face-to-face arrangements?2'2', Figure 5 illustrates
some common, observable stacking geometries. Notably, 1---11 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 forces'??-'26. The C—H---mr
interaction, as an illustrative case, exemplifies this uncertainty, as it is variably
classified as a weak hydrogen bond or as a 1r-type interaction depending on the system
and criteria applied?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 1T surfaces constitute the primary

determinants of 1r---1T stabilization2°.
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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 mr-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
stability’3°. 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 components 3",
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 202532, In fact, a wide range of properties
are tunable through multicomponent crystal formation, including mechanical
properties'33-138  pharmaceutical performance’®'47  dissolution behavior!40.148-153

photophysical responses or optical characteristics'>4-15, 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 debate'60-1%4 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 implies'6%.163? A,
D. Bond in 2007 argued that it is essentially synonymous with the older term muilti-
component molecular crystals and that conciseness and convenience were major
reasons for the widespread adoption of the new term'6'. 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”'®5. 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 used'841%6_ |n 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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achieved'®”. 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 laftice guest rather than a designed structural partner. In practice,

however, they often engage in directional interactions'68-172,

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 ApKa between
the components to indicate whether a system is more likely to form a salt or a neutral
co-crystal’s3.173.174 Yet, as shown in S. L. Childs et al.’s work, ApKa alone cannot fully
predict the outcome, since many systems near the threshold display partial proton
transfer and fall within the salt/co-crystal continuum'’3. Moreover, consistent
terminology for such systems is lacking, in some cases generalized as mere co-

crystals, mixed ionized phases or ionic co-crystals'”>~'"7, 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.

13



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)'"8-'83  luminescent sensors'8-187 as well as
magnetic'® or mechanochromic'®1%0 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 ratios™".

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 reactions9-19_ A principal early
illustration of such collective solid-state behavior is the Davydov splitting, where
intermolecular excitonic coupling causes the separation of degenerate electronic
transitions'?®. In the following, the focus is set on T-conjugated organic chromophores,
for which the dominant electronic transitions are of m—1* (and occasionally n—1*)
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 1r-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 So 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 state92.197:198_ Following Kasha'’s rule'®?, the emission
process originates from the lowest electronically excited state. In a spin-allowed
singlet-singlet radiative decay S1—So, 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 T+ state, non-radiative T1—So decay is possible. The corresponding radiative
decay is called phosphorescence. The term describes a spin-forbidden triplet-singlet
T1—So transition, characterized by much longer lifetimes spanning milliseconds to
seconds'®” 1% The Jabtonski diagram serves as a convenient tool to illustrate these

mechanisms (see Figure 6).
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Figure 6 Simplified Jabtonski 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 luminescence?°%-2%2 in cases even displaying
enhanced emission of a compound in solid-state compared to its emissive capacity in
solution?%3, Depending on the molecular packing arrangement or within charge-transfer
or intermolecular interaction motifs, the photophysical response can significantly
differ?®4. 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)'. 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 unchanged?°2205-
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 vyield, the authors stress especially how intentional modulation of the co-
formers’ electron-withdrawing ability results in fine-tunable emission color response
from blue to red?%®. 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 band?®°, 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 Iuminescence by simple
supramolecular chemistry?'%. D. Yan et al. in 2011 reported the controlled modification
of one- and two-photon luminescence of stilbene-type compounds via a co-
crystallization approach?'!, which in turn was highlighted by J. D. Wuest as a new

paradigm to “tune up” light emission in molecular solids?'2.

16



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
relationship?'3. Complementary perspectives come from reviews on charge-transfer
co-crystals by X. Zhang et al.?'4, the stimuli-responsive behavior of this subclass of
organic co-crystals is further reviewed on by L. Sun et al.?'%; P.Yu et al. provide an
overview of diverse aspects, strategies and advancements of crystal engineering
approaches on organic optoelectronic materials’®*. 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 outlined?'®. 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-crystals'%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
structure???. 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 properties??*-
225 Besides their important roles in biological or metabolic processes, especially when

exerting the role as enzyme cofactors in flavoproteins??3226-229  flavins exhibit
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photochemical activity, both in solution environment and in solid state??8. Flavin
derivatives, most notably riboflavin, display the capability as photosensitizers and
photocatalysts?22:228.230-232 “which makes them an attractive design element for light-
responsive platforms233-236_|n 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 nm??4. 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
states?37-249, The photophysics in the visible region of the oxidized form derive from 11-
* transitions of the isoalloxazine core?23225247 |t 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 solution?46:248.253.254  Thijs 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 interactions2®® 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 site??>. 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)>0(12)>N(1)>0(14)%%. 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
radical??4257.2%8 |n fact, a small number of flavin-based multicomponent crystal
structures exist like co-crystals?5®-262 or solvates?®® and salts?64-268, 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.

Isoalloxazine: R'= R2= R3=H

Flavin group: R'= R2= CH,4

Lumiflavin: R'= R?=R®= CHj,4

Roseoflavin: R'=CH; R?= N(CHj3),, R® = 2,3,4,5-tetrahydroxypentyl
Roseolumiflavin: R'= CH; R?= N(CHs),, R®= CHj

Figure 7 Structure of the isoalloxazine ring system with corresponding atom numbering. Shown are
substituent combinations R'-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 nm?2%%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 landscape?’’. No
experimental data or solid-state structural information was available, representing a

knowledge gap which the present thesis aims to address.

19



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 character?’2273, 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 executed?’42’>, 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 time'43.

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 formation?7®.

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. FriS¢€i¢ 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
effects?’6.  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 criticized?’7-27° 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 mechanisms2€°,

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
principles?®®1-283_ 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 results?®'. 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
approaches?84. 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 -
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:
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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 1---11 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.

Rational Design Approach =

1
!
Roseolumiflavin Co-Former Selection (XB/HB) 1
1
. |
Synthesis :
10
1 ©
1S
1o
Structure Solution (SCXRD) Structure Analysis Photophysics : g
)
Investigation : D
E
Structure - Property Relationship : CSD
1
Energetics - Topology (QTAIM, NCI) Photophysical Efficiency : 2
|
Rationalization '
|
1
1

Refining Design Principles

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:

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).
Structurally determine and compare the resulting packing motifs.

Correlate structural differences with solid-state photophysical properties.
Rationalize packing preferences and interaction hierarchies using
energetical approach and topological analyses.

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 Maaly, Constantin Czekelius, Markus Suta, Vera

Vasylyeva
DOI: 10.1039/D2CE00589A
CrystEngComm, 2022, 24, 7315-7325

Reproduced from Ref.?85 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.

26



Contributions of the author:

e Conceptualization based on literature research together with Vera Vasylyeva.

e Experimental work, investigation and validation of results, including synthesis of
powder samples and single crystals together with Felix Maal. This includes
consistent approaches to optimizing synthesis conditions during the project.

e Measurement and evaluation of emission and excitation spectra in solvent
environment, SCXRD, FTIR and DSC.

e Evaluation of TGA measurements.

e Measurement and evaluation of PXRD together with Felix Maal3.

¢ Measurement and evaluation of solid-state emission spectra, excitation spectra
and luminescence lifetimes together with Markus Suta and Felix Maal3.

e Visualization of all figures, tables and data.

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

¢ Review and editing of manuscript together with Vera Vasylyeva and Constantin
Czekelius.

e Revision process together with Vera Vasylyeva, Constantin Czekelius and
Markus Suta.
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Co-crystallization of organic chromophore
roseolumiflavin and effect on its optical

Takin Haj Hassani Sohi, 2 Felix Maass, @2 Constantin Czekelius, ©°
Markus Suta ¢ and Vera Vasylyeva ([ *2

A structural study on the solid, microcrystalline chromophore roseclumiflavin was carried out. Based on

rational design considerations three binary co-crystals were prepared with a primary focus set on utilizing
the imide functional group. Therefore, robust supramolecular synthons, including a carboxylic acid-amide
dimer, halogen bonding, as well as a hydrogen-bonded three-point binding motif, were successfully
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incorporated into the multicompaonent systems. All the co-crystals showed a blue-shifted fluorescence in
the red range compared to the near-infrared-emitting solid roseolumiflavin. Solvatochromic studies finally
elucidated that the degree of close packing between the flavin molecules within the crystal structures was

decisive for the emission colour. These results render new possibilities to investigate flavins in the aspect of

rscli/crystengcomm

Introduction

Chirality, catalytic activity, drug-efficacy, charge-transfer
processes, thermal behaviour, and mechanical or optical
properties'” are some of the possible fields where the
application of the crystal engineering concept is manifold.
One topic of interest in this area is the modification of
organic solid-state chromophores. The applicability of such
solids in diverse fields, such as organic or polymeric light-
emitting diodes (OLEDs/PLEDs),™* solid-state lasers,™ or
fluorescent chemosensors,” is attracting great interest in a
broad range of research. Moreover, tunability, flexibility, and
low-cost characterization add to the great advantages for the
potential usability of organic chromophores.® The tuneable
character has already led to various studies in recent years in
the aspect of crystal engineering, focussing on co-
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crystal engineering to tune optical properties of organic chromophores in the solid state.

crystallization  strategies to effectively modulate optical
properties.”™* Flavins, as a subset of organic solid-state
chromophores, belong to the class of isoalloxazines and are
especially interesting for biological processes, adapting the
role of coenzymes or photoreceptors.'™'® With a diversity of
spectral properties, flavins may act as natural reporters to
monitor  processes in  vivo.'’ Here, their selective
autofluorescence activity can be utilized to apply these
organic compounds as biomarkers in metabolic processes.'®
A comprehensive study in 2004 by Sikorska et al. reported
strongly red-shifted fluorescence emission spectra in solution
compared their
constitutional isomers.'” Isoalloxazines have also exhibited
longer decay times and more intense fluorescence.'”™'
Overall, these properties are strongly correlated with the
number and position of the substituents. Thus, a common
route to affect the luminescence properties of organic
chromophores, particularly flavins, is based on derivatisation,
with various functional groups affecting the polarity or
rigidity of the system.”> Hereby, in some cases, the
fluorescence activity might be hindered. Quenching processes
can have several causes, including excited-state reactions,
molecular rearrangements, energy transfer, ground-state
complex formation, and collisional or configurational
crossover-based quenching.”” In the solid state, organic
molecules might exhibit self-quenching processes that result
from aggregation and consequent efficient non-radiative
relaxation™ or from close packing in the crystal structures
forming strong n---m contacts or hydrogen bonds, which in
turn may cause severe fluorescence quenching.*'”" To

for isoalloxazines to alloxazines and
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overcome this problem, we suggest an alternative strategy to
tune the luminescence of flavins upon co-crystallization. It
should be noted that experimental studies on flavin
derivatives in the solid state are conspicuously scarce. A
Cambridge Structural Database survey”” only indicated a
scant amount of available structural investigations of flavins.
However, the crystal structures of several simple flavin
derivatives®® " have been reported along with some solvates®!
and salts.*>* Also several co-crystals“i"“ referred to as
molecular complexes, were structurally characterised, with all
of them exhibiting strong hydrogen-bonded interaction
patterns. The majority of these investigations were carried out
in the 1970s. However, no investigations on the structure—
property relations for the reported structures have thus far
been performed.

The present work is concerned with a structural
characterization of 8-(dimethylamino)-7,10-dimethylbenzo[g]
pteridine-2,4(3H,10H)-dione, also known as
roseolumiflavin (R), and the synthesis of its multicomponent
crystals (Chart 1). A notable focus was further set on an
investigation of the luminescence. Until now, R has only
been a topic of discussion on a theoretical level by Karasulu
and Thiel in 2014, in which the photophysical properties of R
in different environments were investigated.’ Experimental
data are yet to be published and no structural investigations
have been carried out until now. An insight into the
molecular self-assembly in the solid state, however, opens a
great prospective towards better understanding and
controlling the optical properties of flavins.

In this study, we wanted to verify if the implementation of
a second entity into the crystal lattice would disturb an
anticipated aggregation of R and
enhancement of the luminescence. In addition, it was of
interest to clarify which kind of intermolecular interactions
and supramolecular synthons were accessible for the co-
crystal formation and how they affect the luminescent
character of R. For this purpose, three co-formers were
chosen based on rational design considerations to result in
binary co-crystalline phases with R.

even lead to an

Roseolumiflavin (R)

|
e F HN N NH,
= \‘I/
\\ N
F 3
i
i (B)  2.4-Diami

HO, o
o OH

Acety icarboxylic Acid (A) 1.4

yrimidine (C)

Chart 1 Chemical structures of R and the co-formers A-C; aromatic
rings of R denote Rings 1-3.
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Hereby, emphasis was placed on utilizing the imide group,
which offers donor as well as acceptor functionalities to allow
different kinds of intermolecular interactions and to allow it
to undergo one-, two-, and three-point recognition patterns
during the self-assembly. The high acidity on the N-H centre
was assumed to favour hydrogen-bond interactions. Via a
retrosynthetic approach, both -N-H and -O-H based
supramolecular synthons are commonly represented in the
literature, promising sufficient adaptability.""" Acetylene-
dicarboxylic acid (A) with its two carboxylic sides is a
promising candidate to undergo an acid-amide heterodimer
formation, which has been shown to be more favourable over
amide-amide or acid-acid homodimers."> Another hydrogen-
bonded motif, the DAD (donor-acceptor-donor) three-point
recognition pattern, was expected to result
crystallisation with 2,4-diamino-pyrimidine (C). Further, the
nucleophilic character of unsaturated heteroatoms in R
suggested an affinity towards halogen bonding. Accordingly, a
model halogen bond co-former 1,4-diiodotetrafluorobenzene
(B) was introduced as a possible building block for the one-
point molecular recognition. Moreover, the aromatic rings in
B and C could exhibit an additional effect on the overall
crystal packing involving n-interactions.

Here, we present a structural characterization of R along
with a successful synthesis and crystal structure analysis of
three new roseolumiflavin co-crystals R: A, R:B, and R:C. A
careful crystal packing analysis was performed, which
presented various effects of different types of intermolecular
interactions on the overall topology. Spectroscopic analyses
of all the obtained structures uncovered possibilities to
modify the luminescent properties of the organic
chromophore via co-crystallization. Based on the results, the
main purpose of our research was to obtain a better
understanding about a potential targeted tuning of the
optical properties of roseolumiflavin in the solid state.

in a co-

Experimental section
Synthesis

Roseolumiflavin (R). R was synthesized following a
modified procedure by Kasai, Miura, and Matsui.’ The
detailed synthesis conditions are presented in the ESL} Red
rectangular-shaped single crystals of R were obtained via slow
evaporation from its methanol solution at room temperature
over several days. IR: 3380, 3250, 3129, 3063, 2984, 2799,
1690, 1633 em™ ', 'H-NMR: 2.45 (s), 3.06 (5), 3.95 (s), 6.88 (5),
7.80 (s), 11.10 (s) ppm. PXRD (characteristic Bragg
reflections): 8.64°, 10.11°, 12.48°, 14.09°, 17.32°, 25.85° 20.

Roseolumiflavin-acetylenedicarboxylic acid (1:1) co-
crystal (R:A). A is highly hygroscopic and tends to form a
monohydrate, which does not participate in a co-
crystallization, according to Tantardini et al* Thus, to
synthesize the R:A co-crystal, an excess amount of A was
used. A and R were mixed in a 2:1 molar ratio in a micro-
centrifuge tube with 15 pL acetonitrile and six milling balls.
The sample was ground for 25 min at 15 Hz frequency in a

This journal is © The Royal Society of Chemistry 2022
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Retsch MM 400 ball mill. Clear bright red needle-shaped
single crystals were obtained via seeding in acetonitrile and
by slow evaporation of the solvent for 2 weeks at room
temperature. IR: 3506, 3440, 3255, 1695, 1684, 1632 em ',
PXRD (characteristic Bragg reflections): 6.29°, 11.59°, 13.55°,
25.22°, 25,979, 27.78° 24.

Roseolumiflavin-1,4-diiodotetrafluorobenzene  (2:3) co-
crystal (R:B). R:B was prepared in a 1:1 molar ratio of R
and B in a micro-centrifuge tube with 20 pL methanol and
eight milling balls. The sample was ground for 25 min at 15
Hz frequency. Red block-shaped single crystals were obtained
via seeding in methanol and by a slow solvent evaporation
for 1 week at room temperature. All attempts to achieve a 1:
1 co-crystal by variation of the crystallization parameters and/
or molar ratio of the starting materials resulted in the same
R:B (2:3) phase. IR: 3359, 3237, 3126, 2986, 2806, 1683, 1623
em ' PXRD (characteristic Bragg reflections): 12.93°, 16.63°,
16.94°, 24.28°, 24.96°, 26.65°, 26.94° 24.

Roseolumiflavin-2,4-diaminopyrimidine (1:1) co-crystal
(R:C). R and C were dissolved in methanol in a 1:1 molar
ratio and crystallized after slow evaporation of the solvent at
room temperature to give orange-red needle-shaped crystals
of R:C. IR: 3372, 3322, 3192, 3114, 2978, 2804, 1688, 1652
em™'. PXRD (characteristic Bragg reflections): 6.14°, 11.47°,
12.64°, 24.84°, 27.15° 20,

Thermogravimetric analysis

A Netzsch TG 209 was operated in the range between 30 °C
and 600 °C with a 10 °C min' heating rate under a nitrogen
atmosphere. No melting point could be obtained because R
decomposed before melting.

Infrared spectroscopy

The FT/IR spectra were measured on a Bruker Tensor 37 with
an ATR-unit at room temperature (25 °C).

UV-vis and luminescence spectroscopy

Absorption spectra in solution were measured in a UV-vis
SPECORD S600 system at room temperature (25 °C). The
emission spectra in solution were measured by a HORIBA
FluoroMax 4 system at room temperature (25 °C). Qualitative
measurements were performed upon excitation with a UV
lamp emitting at 366 nm. The photoluminescence excitation
spectra were acquired on an Edinburgh Instruments FLS980
spectrometer with a 450 W continuous Xe arc lamp, double
grating monochromators for both excitation and emission
compartments, and a Hamamatsu R928P thermoelectrically
cooled photomultiplier tube for detection.
Photoluminescence emission spectra were acquired on an
Edinburgh FLS1000 spectrometer with similar features and
upon excitation with a VPL-420 laser in continuous wave
mode. All excitation spectra were corrected for the lamp
intensity and grating efficiency, while emission spectra were
corrected for the grating efficiency and sensitivity of the
photomultiplier. Time-resolved luminescence measurements

This journal is © The Royal Society of Chemistry 2022
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were performed using pulsed EPL diode lasers from
Edinburgh Instruments with adjustable repetition rates and
temporal pulse widths of around 75 ps.

X-Ray diffraction

Powder X-ray diffraction (PXRD) analyses were performed by
a Rigaku Miniflex diffractometer in @/2¢ geometry at
ambient temperature using Cu-Ko radiation (4 = 1.54182 A).
Single-crystal X-ray diffraction (SCXRD) measurements were
carried out on a Bruker APEX Duo diffractometer with a
CCD detector, micro-focus X-ray tube, and Mo-Ko radiation
(2 = 0.71073 A) at 140(2) K for R and a Rigaku XtalLAB
Synergy-S diffraction system with a HiPyx 6000 photon
detector, and micro-focus X-ray tube with Cu-Ka radiation (4
= 154182 A) measured at 100(2) K for the co-crystals. Cell
refinement, data collection, and data reduction on the
Rigaku Synergy-S system were performed with CrysAlisPro.*
On the Bruker APEX Duo, data collection and cell
refinement were achieved with APEX2 (ref. 46) and data
reduction was performed via SAINT.”” Structure solution
was performed by SHELXT 2014/5 (ref. 48) for R and R:B
and SHELXT 2018/2 (ref. 48) for R:A and R:C. R:B was
refined with SHELXL-2014/7," R was refined with SHELXL-
2017/1.*” R:B and R:C were refined with SHELXL-2018/3."
The co-crystals were additionally refined with the Olex2
software package.” All the non-hydrogen atoms were
refined with anisotropic displacement parameters. All the
hydrogen atoms were experimentally refined. R:A and R:C
crystallized as very thin plates/needles and exhibited an
extremely poor diffracting ability, which was reflected in the
data quality and quality values. Numerous attempts to
obtain larger single crystals failed. The crystallographic data
are summarized in Table 1.

Software

Crystal structure figures were prepared by Mercury 2020.2.0.7
Verbose crystal structure information, including Z', was
obtained via PLATON for the Windows Taskbar (Version
1.19).** All the spectra were plotted with OriginPro 2019.%*

Results and discussion
Characterization of R

R crystallizes in the monoclinic space group P2;/n (no.
14). The asymmetric unit contains one molecule of R, four
of which shape the unit cell. The crystal structure is
based on dimeric supramolecular assemblies connected
via N-H---O interactions (N2-H--02: 2.813(2) A; note: all
distances were measured between donor and acceptor
molecules unless noted otherwise). Both moieties are
twisted with an angle of 8.65° and build up along the
crystallographic a axis (Fig. 1).

Short hydrogen bonds (C14-H-+-C3: 2.87(4) A, C13-H---O1:
2.62(3) A, C13-H---C2: 2.79(3) A) along the b axis allow for
the dimer motifs to form chain-like networks with strong
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Table 1 Crystallographic data for R, R:A, R:B, and R:C

Narne R R:A(1:1) R:B(2:3) R:C(1:1)
Empirical formula Cy4H5N;0, Cy4H5N;0;, C,H,04 Cy4H;5N505, 1.5(CgFy4l5) Cy4H 5N;0,, CiHgN,
Formula weight [g mol '] 285.31 354,35 888,10 395.44
Temperature [K] 140(2) 100(10) 100(2) 100.01(13)

Space group (no.) P2y/c (14) Phca (61) Pi(2) Pi(2)

Crystal system Monoclinic Orthorhombic Triclinic Triclinic

a[A] 12.7469(10) 6.9603(4) 7.7683(3) 8.0245(5)

b[A] 7.0326(8) 18.1475(7) 12.2451(5) 8.4915(5)

c[A] 14.3336(13) 28.0356(12) 14.6375(5) 14.9566(7)

al°] 90 90 108.280(4) 87.548(5)

Al°] 99.135(5) 90 91.090(3) 74.813(5)

y[] 90 90 96.577(4) 65.130(6)
Volume [A’] 1268.6(2) 3541.2(3) 1311.17(9) 889.69(10)

zZZ 41 8/1 21 2/1

Peate [g em ™) 1.494 1.498 2.249 1.476

4 [mm™] 0.105 0.976 28.774 0.854

Tonin/ Tinax 0.6559/0.7455 0.844/1.000 0.327/0.597 0.698/1.000
F(000) 600 1664 834 416

Crystal size [mm’] 0.05 % 0.10 x 0.15 0.02 % 0.02 x 0.18 0.02 % 0.05 x 0.05 0.03 % 0.03 % 0.06
4 range [°] 1.987/24.998 3.1490/69.2990 3.185/78.301 3.071/78.995
Completeness [%) 99.6 99.5 99.7 99.7

Recorded reflections 8604 14153 15384 12348

Indep. reflections 2224 3325 5298 3599
Goodness-of-fit F* 1.007 0.996 1.112 1.006

MoKa (4 = 0.71073 A)
0.0493, 0.1399

X-ray source (wavelength [A])
Ry [1 > 20(I)]/wR; [all reflns.]

displaced stacking interactions where Ring 2 is stacked above
the Ring 1 (centroidging »'--centroidging 1: 3.576(4) A and
3.6280(13) A), expanding along the a axis. Each unit is further
supported on either side via short hydrogen bonds (C11-
H-01: 3.147(2) A, C13-H--O1: 3.177(2) A, C6-H--Ol:

©)

Fig. 1 Crystal packing and intermolecular interactions of R. a) Head-
to-head dimer motif formed by amide-amide synthon. Labels for
H-atoms are omitted for clarity. View along the crystallographic b axis.
b) n---m interactions stabilize the stacking patterns along the a axis.
View along the c axis. c) Alternating R stacks along the ¢ axis with each
stack tilted at a 26.64° angle. View along the c axis.
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CuKa (4 = 1.54184 A)
0.0617, 0.1645

CuKa (4 = 1.54184 A)
0.0342, 0.0941

CuKa (4 = 1.54184 A)
0.0557, 0.1678

2.66(2) A, C12-H---02: 2.51(3) ;\] building up in a spiral form
along the b axis, which results from the tilted nature of each
stacked dimeric motif alternating along the crystallographic ¢
axis. This allows the amide groups to be in a position in close
proximity to the methyl groups, ultimately spanning the
crystal packing. Additionally, 'H-NMR analysis was
performed for confirmation of the purity and for
characterization of the compound (for details see the ESIT).
The corresponding IR spectrum in Fig. 2 illustrates strong
peaks at 1690 and 1633 cm ', which were assigned to amide
C=0 stretching modes, while two bands at 3380 and 3250
em™' originated from the mono-substituted amide N-H
stretching mode. The band at 3129 em ' may have resulted

% Transmittance

T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber [cm™'|

Fig. 2 Infrared spectrum (ATR) of R recorded from 400 to 4000 cm 1
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from combination vibrations V(C=0) + J(N-H). The
vibrational band at 2799 em™' likely originated from the
NC-H stretching mode, while the band at 2984 em™! could be
assigned to C-H stretching vibrations. In addition, bands of

aryl C-H vibrations (3063 cm™') were present.

PXRD analysis

Powder diffraction patterns of the samples R:A, R:B, and R:C
synthesized via liquid-assisted grinding are depicted in Fig. 3
and distinctly different in comparison to pure R, which
suggested the formation of new crystal phases. The overall
purity of all the co-crystals was in good agreement with the
available single-crystal data simulations (Fig. S7-89 in the ESIf).

SC-XRD analysis of the co-crystals

R:A crystallizes in the orthorhombic space group Phca
(no. 61) with one of each of the R and A molecules
setting up the asymmetric unit (Fig. 4). The dicarboxylic
functionality of the potentially allows the
formation of two hydrogen-bonded interactions with R
mediated by two carboxylic groups. Indeed, we observed
both ends took part in the intermolecular assembly
however, each side was connected uniquely. A classic
linear assembly between the carboxylic group and the R
amide group supplanted the favoured dimeric amide-
amide formation (donor-acceptor distances N2-H--03:
2.922(3) A, 04-H---02: 2.538(3) A).

06-H:--02 (2.616(3) A)
between the second carboxylic group and another unit of R
ultimately allowed the formation of hydrogen-bonded zig-zag
chains to propagate along the crystallographic b axis.

The zig-zag chains further intertwine to increase the close-
packing efficiency in the crystal structure. This is also due to
the carboxylic groups of the A units being twisted at an angle
of 46.09° between the planes through each carboxylic group.
Along the a axis, the flavin molecules interact via slightly

co-former

Intermolecular interactions

—RC
—RB
——RA
—R l

M L]

rel. intensity (offsct)

007

Fig. 3 Powder X-ray diffraction patterns (Cu Ka) of R and the co-
crystals R:A, R:Band R: C.
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a)

b)

<)

Fig. 4 Crystal structure of R:A. a) Asymmetric unit of R:A. Labels for
H-atoms are omitted for clarity. View along the crystallographic a axis.
b) Zig-zag chains formed by O-H--O and N-H---O interactions
between A and R along the b axis. View along the a axis. c) Tilted n---x
stacks of R molecules. A removed for clarity. View along the b axis.

disordered m---m stacks (centroidm,.g 3 -centroidging  1*
3.5297(12) A and 3.5090(12) A, centroidging 2 -centroidging 2:
3.5312(15) A and 3.5087(13) A), each flavin molecule being
inversely oriented to the stacking partner. The stacks are
tilted by 17.53° relative to the neighbouring stacks.

R in combination with a model halogen bond donor
1,4-diiodotetrafluorobenzene resulted in a formation of the
R:B (2:3) co-crystal with one molecule of R and 1.5 co-
former molecules, assigned as Bl and B2 in Fig. 5 in the
asymmetric unit cell. The compound crystallizes in the
triclinic space group P1 (no. 2) and contains the familiar
amide-amide synthon, which leads to a dimer formation
(N1-H---02: 2.834(6) A) similar to that in pure
roseolumiflavin. Here, moderate n--'n stacking interactions
were observed again between two flavin molecules with
inverse directionality which, mediated by the dimeric motifs,
propagate along the b axis (centroidgy; ging 2°**CeNtroidgu; ring
1t 3.684(3) A, centroidging » - centroidging »: 3.727(3) A). The
stacks are displaced along the ¢ axis surrounded by B
molecules offering halogen bonds to build up linear chains.

Through the conjugation of the iodine substituents to the
carbonyl groups, the stacked entities are stabilized on either
side (I1---O1: 2.800(3) A, I2---02: 2.899(3) A) establishing
halogen-bonded chains between the co-former and flavin
molecules along the ¢ axis. Additional halogen bonds are
generated by the symmetry inequivalent second B entity

CrystEngComm, 2022, 24, 7315-7325 | 7319
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a)

b)

)

Fig. 5 Intermolecular interactions and crystal packing of R:B. a)
Asymmetric unit of R:B. The symmetry inequivalent co-formers are
labelled as B1 and B2. Symmetry equivalent part of B2 molecule is
shown as capped sticks. Labels for H-atoms are omitted for clarity.
View perpendicular to the bc plane b) I'“N and |---O interactions
connect dimeric motifs to build up 2D networks in the crystal packing.
View along the a axis. ¢) Symmetry inequivalent stacked co-formers
(B1: green, B2: red) propagate along the b axis, I'-O and [N
interactions stabilize R stacks. View along the b axis.

positioned above and below the flavin dimers with slight
displacement when connecting with the N4 ring atom
(13-"N4: 3.163(4) A) and thus building up a complex 2D
network. Slightly distorted stacks of the symmetry
inequivalent co-former entities propagate along the b axis
with a repetition pattern of two consecutive units of B1 and
one unit of B2,

The third and final successfully obtained co-crystal R:C
crystallizes in a triclinic P1 (no. 2) space group with the
asymmetric unit containing one of both a R and C molecule,
respectively (Fig. 6). The C and R molecules are connected via
a three-point recognition pattern between the imide group
and the amine groups along the crystallographic ¢ axis (N9-
H--01: 2909(3) A; N2-H--N6: 2937(3) A and N§-H--02:
2938(3) A). A similar interaction pattern was found by
Scarbrough et al in 1977 between lumiflavin and
2,6-diamino-9-ethylpurine.”® Two additional hydrogen bonds
connect two co-formers (N8-H:N7: 2977(3) A) to build
tetrameric units, which propagate along the b axis mediated
by strong N-H---N (N9-H:--N3: 3190(3) A) and N-H---O (N9-
H-+02: 3097(3) A) hydrogen bonds as well as C-H--O
interactions (C17-H---02: 3381(3) A) between C and R
entities,

7320 | CrystEngComm, 2022, 24, 7315-7325
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5 W W

Fig. 6 Intermolecular interactions and crystal packing of R:C a)
asymmetric unit of R:C. Labels for H-atoms are omitted for clarity.
View perpendicular to the bc plane. b) Tetrameric motifs connected by
hydrogen bonds propagate along the b axis mediated by the C unit.
View along the a axis. ¢) n--n contacts between C and R. View along
the b axis.

Further, weak hydrogen bonds C-H---O (C11-H---O1l:
3085(3) A) between adjacent R molecules are present as well.
The resulting layers are parallel to the bc plane. -~ stacks
between co-facially adjacent flavin molecules govern an
expansion along the @ axis, where the tetrameric subunits
alternate with an inverse orientation of the flavin units on
each layer. 2,4-Diaminopyrimidine and flavin molecules
arranged in slipped stack formations are additionally
stabilized by n---m interactions.

To conclude, R:A with its edge-to-face arrangement
displays a crystal packing driven by the formation of the
carboxylic acid-amide dimer, which replaces the amide-
amide dimeric supramolecular synthon observed in R. In
contrast, in R:B the mentioned amide-amide dimer of R
molecules is present; however, the dimers are connected with
I---O halogen bonds over B molecules to give chains of
alternating co-former and flavin molecules. Additionally, two
flavin molecules are further stabilized by an extra B molecule
connected vig short N---I contacts. The R:C co-crystal
contains 7+ -1 contacts between the co-former molecules and
R. These stacked arrangements are further connected by
hydrogen-mediated donor-acceptor-donor three-point
bonding motifs vie N-H---O and N-H:--N interactions
between C and R entities. The dimeric flavin motifs
connected via amide-amide synthons only remained in the
R:B co-crystal. These were responsible for the shortest-range
interactions in the pure form R. The hydrogen-bonded D'-A
distances in the R:B crystal structure were in a similar range
compared to pure R, while in both other co-crystal structures

This journal is © The Royal Society of Chemistry 2022
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the distances were significantly larger. Here, it is noteworthy
that a mere focus on the N-H:-+O interaction would only
describe one part of the imide group interaction. Since the
dimeric R motifs are detached, we also consider the C=0
group separately. In the case of R:A, significantly stronger
hydrogen bond interactions were observed, mediated by two
separate A entities towards the flavin C=0 group at a
105.76° angle between both interactions. The 06-H:-02
(1.68(5) A) as well as O4-H---02 (1.53(5) A) hydrogen bond
distances were significantly shorter than the N-H---O
interactions (Table 2).

The dimeric motif was replaced by a three-point
recognition pattern provided by the co-former component in
R:C where the overall D---A distances were slightly longer;
however, the H---O1 and H---02 distances were slightly
shorter than the equivalent H---A interactions in pure R,
which can be considered as a driving factor for the
substitution of the dimer motif. Lastly, n---n stacking
interactions were shown to be affected as a result of the co-
crystal formations (Table 3). The aromatic rings of R are
referred to as noted in Chart 1.

Thermal analysis

Thermal stability was investigated by means of
thermogravimetric analysis. The thermograms for R and its
co-crystals are depicted in Fig. S13-815 in the ESIL.¥ While a
decomposition point for pure R was observed at 350 °C, the
corresponding thermograms for the co-crystals displayed
additional plateaus under 350 ©°C, indicating the

Table 2 N-H---O distances of R and multicomponent crystals

Structure D-HA D-H [A] H-A [A] DA [A]
R N2-H1---02 0.84(2) 1.98(2) 2.813(2)
R:A N2-H2---03 0.88(4) 2.05(4) 2.922(3)
R:B N1-H1---02 0.96(5) 1.88(5) 2.834(6)
R:C N9-H9A--01 0.98(3) 1.94(3) 2.909(3)

N2-H2---N6 0.94(4) 2.00(4) 2.937(3)

N8-H8A--02 0.99(3) 1.96(3) 2.938(3)

Table 3 x---m stacking distances in R and multicomponent crystals

Structure T n--m [A]
R Ring 2-Ring 3' 3.576(4) & 3.6280(13)
R:A Ring 2-Ring 2 3.5312(15)
Ring 2-Ring 2" 3.5087(13)
Ring 1-Ring 3' 3.5297(12)
Ring 1-Ring 3" 3.5090(12)
R:B Ring 2-Ring 2' 3.727(3)
Ring 1-Ring 3" 3.684(3)
R:C Ring 1-Ring 3' 3.3948(15)
Ring 2-Ring 2' 3.3869(15)
Ring 2-Ring 4.1262(16)
Ring 3-Ring 3 3.9787(15)
Ring 1-C" 3.5814(15)

H-x1-p1-zi-xn1-y1-zlii2-x1-y1-z

This journal is © The Royal Society of Chemistry 2022
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decomposition of the co-crystals with the plateaus assigned
to the respective components.

The thermogram for R:A displayed two processes with
the decomposition of A located at Ty.,, = 130 °C causing a
mass loss of 28% and the decomposition point of R is
shifted to Tr.a» = 343 °C with a mass loss of 47%. The
thermogram for R:B exhibited two distinct endothermic
processes starting at Ty.p, = 117 °C and Ty, = 348 °C,
which could be clearly assigned to the respective
components of the co-crystal. Ty.p, = 117 °C likely
originated from C-I bond breaking processes, resulting in a
mass decrease of 68%. Tg.p» = 348 °C represents the
decomposition point of R, with a 24% mass loss. The
thermogram for R:C contained two processes, the first of
which at Tg.c; = 244 °C could be attributed to the
decomposition process of the co-former component C with
a mass loss of 23%. The second point originated from the
decomposition process of R starting at Tg.c. = 322 °C with
a mass loss of 37%. With regard to the thermal stability of
R, we hence observed a roughly similar decomposition point
in R:B compared to pure R, whereas the thermal stability
was decreased significantly by -28 °C in R:C and -7 °C in
R:A.

Optical properties

The co-crystallization exerted an effect on the luminescence
properties of roseolumiflavin in the solid state. Fig. 7
presents the powdered, microcrystalline compounds prepared
under daylight and excited with a conventional UV lamp at
Aexe = 366 nm. While R only showed weak visible
luminescence (but near-infrared luminescence as will be
discussed below), the co-crystals showed a comparably more
intense orange-red luminescence. When observing the single
and multicomponent crystals under daylight the latter exhibit
modified colours compared to R.

The luminescence emission spectra confirmed a generally
blue-shifted luminescence in the co-crystals compared to
solid R. The selected excitation wavelength was based on the
employed continuous-wave laser, which allowed recording
the emission spectra with a higher signal-to-noise ratio.
While R emitted light in the near-infrared area (1o* = 733
nm), the co-crystals R: A, R:B, and R:C showed blue-shifted
emission bands with maxima at /0" = 638 nm for R: A, Ala*

Fig. 7 R, R:A R:B, and R:C under daylight (top) and excited at /... =
366 nm (bottom).
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Fig. 8 Experimental emission solid-state spectra of R, R:A, R:B, and

R:C liexc = 423 nm) at room temperature.

= 643 nm for R:B, and /0% = 628 nm for R:C with red
emission (Fig. 8) at room temperature. These results indicate
that the co-crystallization and the consequent inhibition of
certain interaction modes in the pure solid R could also be
noted in the luminescence properties. The emission spectra
and excitation spectra of the respective co-formers are
available in the ESLt All the data on the optical properties
are summarized in Table 4.

Time-resolved luminescence measurements in the solid
state provide additional insights into the photophysical
properties of the respective samples. The corresponding
decay curves are shown in Fig. 9. The luminescence decay
times for the co-crystals R: A and R:C are close to 1 ns, while
for R:B a value of 1.42 ns was measured. Yet, the average
decay time for pure R is around 3 ns. According to the
luminescence decay data and the small Stokes shift upon
comparison of the emission spectra with the corresponding
excitation spectra (see ESL} Fig. 526-32), the emission of R
and the co-crystals R:A-R:C could be assigned to
fluorescence. The red-shifted luminescence in the case of
pure R was related to the stacking of molecular units within
the crystalline phase and is typically assigned to aggregate-
based emission. Usually, this is accompanied by severe
quenching based on the higher probability of non-radiative
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Fig. 9 Experimental solid-state decay curves of R, R:A, R:B, and R:C,
acquired at room temperature.

relaxation for lower energetic transitions. On the other hand,
if radiative decay remains the dominant mechanism, the
respective decay rate should decrease with the decreasing
emission energy due to the lower photon density of states at
higher energies.

The observed trend in the time-resolved luminescence
data indicates that aggregation-induced quenching was
clearly of minor relevance, suggesting that the quantum yield
of solid R at room temperature cannot be too small.

In order to verify whether the correlation between the
aggregation of molecules in the solid and a red-shifted
luminescence is given, the absorption and emission spectra
of R in dilute solutions were also measured. Since R generally
exhibits a very poor solubility in a number of solvents and
the respective co-crystals are not soluble in apolar solvents,
the optical properties were investigated in chloroform,
acetonitrile, and methanol. Indeed, the emission bands of R
in solution were even additionally blue-shifted towards the
green range, clearly suggesting a trend of the degree of
supramolecular bonding within the crystalline solid with the
red-shift in the luminescence of R. Variations in the solvent
polarity did, however, only slightly affect the luminescence,
excluding a significant charge-transfer-type nature of the
radiatively emitting state (Fig. $20-S22 in the ESIf).

Table 4 Photophysical data for R and its co-crystals in the solid state and solvent environment: Solid-state luminescence lifetimes r, excitation /s

Jmax

Jmax

and emission 0 s Maxima in the solid state, absorption AJptso, and emission i 5o, Maxima in chloroform (CHCLs), acetonitrile (ACN), and methanol

(MeOH)

Solid state Solution

. jmax jmax Aabssoly (D] Aemisoly [NM]

lexc,ss em,ss

[ns] [nm] [nm] CHCl, ACN MeOH CHCl, ACN MeOH
R 2.85 633 733 487 488 491 533 512 542
R:A 0.99 592, 350 638 483 486 491 524 519 542
R:B 1.42 520, 402 643 490 486 490 546 527 546
R:C 0.98 565, 339 628 486 485 485 536 540 552
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The absorption maxima are all in the range of 483-496
nm depending on the system and solvent, which indicated
that also the excited state cannot involve a significant charge-
transfer-type nature.

No clear fluorescence dependence from the polarity could
be observed either. Within the co-crystals, incremental shifts
were observed from R:A over R:B to R:C in methanol and
acetonitrile. This trend was, however, not consistent for
chloroform. Here, R: C exhibited the strongest Stokes shift of
56 nm (2093 em '), In general, the relatively small Stokes
shifts in all systems suggest an excitation from the ground
state into the locally exited (LE) state, with no significant
relaxation indicating a limited degree of reorganization in
the excited state. This is in good agreement with the
theoretical calculations reported previously.” The charge-
transfer processes described by Thiel et al., however, would
imply a remarkable reorganization of the charge density and
cause a large Stokes shift as well as a rearrangement of the
molecular geometry, which was neither observed in solution
nor in the solid state.

Based on the experimental results, we propose a
mechanism by which the emission bands of R and co-crystals
correlate with the degree of the crystal packing alteration. In
the pure solid roseolumiflavin, the hydrogen-bonded amide-
amide dimeric motifs and n---7 stacking allow close-packing,
which results in strongly red-shifted emission bands based
on an aggregation-induced emission. In the solvent
environment, this aggregation is inhibited. In solution, both
pure R and the dissolved co-crystallized compounds showed
luminescence with similar wavelengths strongly blue-shifted
from the solid R. Upon co-crystallization and the
introduction of each respective co-former into the crystal
lattice, the stacking between different flavin molecules was
gradually disturbed but not completely inhibited. Common
for all the co-crystals hereby is the partial disruption of the
dimeric synthon compared to R. Whereas in R:A and R:C,
the amide-amide dimers were resolved and replaced by two-
and three-point binding motifs with the co-agents, R:B
showed just the formation of an additional halogen bond.
The last, however, seemed to influence the strength of the

hydrogen bonds in the amide-amide dimer. Further,
rearranged stacking motifs were noticed in all the
multicomponent crystal structures, which resulted in

stacking arrangements closer to cofacial patterns, while the
pure R crystal structure showed merely n---n stacks between
Ring 2 and Ring 3. In R: A and R:B nevertheless, the n-stacks
stayed intact, resulting in emission band shifts in similar
ranges, with R:B showing a smaller shift in accordance with
the slightest interference in the interacting modes. R:C, on
the other hand, partly modified the n-stacks by incorporating
C units in the interaction pattern. Here, the offset mn
interactions between flavin and 2,4-diaminopyrimidine
entities led to significantly shortened flavin-flavin stacks.
Thus, the crystal packing of R experienced the strongest
distortion in R:C, yielding the largest blue-shift of all the
solid, co-crystalline systems. In solution, the distortion and

This journal is © The Royal Society of Chemistry 2022
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inhibition of stacking interaction was then extreme, leading
to the strongest blue-shift to green luminescence compared
to the solid compounds.

Thus, wupon comparison with the
luminescence measurements, we arrived at the conclusion
that it is not the nature of the co-former or particular
intermolecular interaction itself that leads to changes in the
luminescence of the co-crystals compared to the pure solid
roseolumiflavin, but rather their effect on the crystal packing;
in particular, the distortion of the flavin-flavin hydrogen-
bonded motifs and stacking caused by the
intermolecular interactions involved. The new environments
provided by the respective interaction partners caused a
disruption of the close packing of R molecules that was
translated in their spectroscopic properties in a classic sense
of a structure-property relationship.

solvent-based

T T

Conclusions

In this work, we presented the structural analysis of
roseolumiflavin (R). X-ray analyses on the obtained single
crystals helped identify the strong hydrogen-bonded amide-
amide synthons in R as well as ---m stacking interactions as
the driving factors for the molecular self-assembly processes
and allowing the construction of the crystal packing. Based
on the rational design with specifically selected co-formers,
three new co-crystals were synthesized driven by hydrogen
and halogen bond interactions. Impressively, the co-crystals
showed different interaction patterns (carboxylic acid-amide
synthon, three-point binding motifs, halogen bonding) which
promises great accessibility for R in the aspect of crystal
engineering and may serve as grounds for further research in
this area on flavins in general. It was shown that the
structural versatility also influences the photophysical
properties, While the solid R showed near-infrared
luminescence, the new co-crystals R:A, R:B, and R:C
showed blue-shifted emission in the orange-red range. In
solution, the dissolved molecules showed green
fluorescence. This implies an aggregation-induced red-
shift of the luminescence, which, however, could not be
severely quenched given the observed elongation of the
decay with  decreasing energy. The
negligible degree of solvatochromism in both the
luminescence and absorption spectra indicated that both
the excited and ground state were rather molecularly
localized states without a significant degree of charge
transfer and formation of a strong electric dipole
moment, in agreement with previous
predictions. Overall, our findings indicate a way of
tailoring the optical properties of flavins with the aid of
crystal engineering.

rates emission
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1. Synthesis of R

All reagents were used in reagent grade without further purification. The solvents were
purchased in reagent grade or purified by conventional methods. For reactions requiring an inert
atmosphere the glassware was dried in a compartment dryer at 120 °C and standard Schlenk
techniques were used to work under a dry nitrogen atmosphere. Reactions were monitored by
thin-layer chromatography using aluminium foil-backed silica gel from Macherey-Nagel
(ALUGRAM® Xtra SIL G/ UV254) with fluorescence indicator. To concentrate solutions
under reduced pressure rotary evaporators (Heidolph Instruments) in combination with
membrane  pumps by VACUUBRAND were wused. For purifications by
column chromatography silica gel 60 from Macherey-Nagel (Kieselgel 60 M, 0.04-0.063 mm)

was used.

'H- and '*C-NMR-spectra were measured at room temperature using a Bruker Avance 11T — 300
(300 MHz). The chemical shifts were standardized with traces of chloroform
(8(CDCl3) = 7.26 ppm) or dimethylsulfoxide (§(DMSO-de) = 2.50 ppm) in 'H-spectra and with
the signal of deuterated chloroform (8(CDCls)=77.0 ppm), dimethylsulfoxide (6(DMSO-
ds) =39.52 ppm) or formic acid (§(HCO:H)=166.3 ppm)' in "*C-spectra. The coupling

constants J are given in Hertz (Hz) and the chemical shifts J in ppm.

IR spectra were recorded using a Bruker Tensor FT/IR 37 spectrometer with ATR-unit or a
Jasco FT/IR-6200 spectrometer as KBr pellet. High resolution mass spectra (ESI-HRMS) were
measured with a Bruker Daltonics UHR-QTOF maXis 4G. For melting point determination, a
Biichi Melting Point B-540 apparatus was used. DSC measurements were performed with a
Linkam DSC600 at 5°C/min heating rate.

N N3, N, 4-Tetramethylbenzene- 1, 3-diamine

Me H

A modified procedure by Brown and Rizzo was followed®. In a 250 mL flask
N'N! 6-trimethylbenzene-1,3-diamine (5.00 g, 30.1 mM) was dissolved in dichloromethane
(150 mL) and triethylamine (4.57 g, 6.29 mL, 45.1 mM) as well as trifluoroacetic anhydride
(7.58 g, 5.02 mL, 36.1 mM) added at 0 °C. After stirring for 15 min, water (50 mL) was added

and the organic layer separated. After drying over sodium sulfate, the solvent was evaporated.
2
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The residue was dissolved in toluene (60 mL) and benzyltriethylammonium chloride (6.86 g,
30.1 mM) and dimethyl sulfate (4.74 g, 3.57 mL, 37.6 mM) added at 0 °C. Sodium hydroxide
solution (50%, 30 mL) was added and stirring continued for 4 h. The reaction was quenched by
addition of conc. ammonia (5 mL) and water (100 mL). The aqueous layer was extracted with
toluene (3 x 100 mL), the combined organic layers dried over sodium sulfate and the solvent
evaporated. Flash column chromatography (silica gel, hexane/ethyl acetate 6:1) gave the

product as an orange oil (2.16 g, 12.0 mM, 40%).

'H NMR (300 MHz, CDCL3): 8 [ppm] = 6.99 (dd, J = 8.0, 0.8 Hz, 1H, C(5)H), 6.34 (d, J= 2.4 Hz, 1H,
C(2)H), 6.27(dd, J=8.0,2.4 Hz, 1H, C(6)H), 3.56 (s, 1H, NH), 2.83 (s, 3H, NHMe), 2.69 (s, 6H, NMes),
2.23 (s, 3H, Ar-Me). *C NMR (75 MHz, CDCl:): 8 [ppm] = 153.57, 148.40, 131.79, 120.79, 106.61,
103.62, 44.24, 31.23, 17.66. IR (thin film): v [em™'] = 3406, 2397, 2822, 2781, 1614, 1515, 1327, 1252,
1146, 1106, 796. HRMS (ESI): calc’d. for C1oH N2 [M+H]', 165.1386; found: 165.1388.

8-(Dimethylamino)-7,10-dimethylbenzo[g]pteridine-2,4(3H, 10H)-dione; Roseolumiflavin

IVIe I\I'1e

X
Me N7
(@]

A modified procedure by Kasai, Miura and Matsui was followed®. In a 100 mL flask,
N',N? N? 4-tetramethylbenzene-1,3-diamine (2.16 g, 12.0 mM) was dissolved in methanol
(50 mL) and violuric acid added (2.77 g, 15.8 mM). The mixture was heated to reflux for 2.5
h. After cooling to rt, the brick-red precipitate was filtered off and washed with ice-cold

methanol. Repeated recrystallization from acetic acid/methanol gave roseolumiflavin (1.62 g,
5.68 mM, 47%).

Mp/DSC: no melting until 330 °C, decomposition at ca. 350 °C. '"H NMR (600 MHz, DMSO-d;):
5 [ppm] = 11.10 (), 7.80 (s), 6.88 (s), 3.95 (s), 3.06 (), 2.45 (s). *C NMR (75 MHz, HCO,H/10%
D20): 6 [ppm] = 161.21, 160.83, 151.21, 143.93, 138.07, 136.19, 135.62, 135.43, 122.34, 99.25, 44.76,
35.37,22.06. IR (ATR): v [em™'] = 3380, 3250, 3129, 3063, 2984, 2799, 1690, 1633. IR (KBr): v
[em™] = 3570, 3517, 2835, 1719, 1700, 1620, 1548, 1522, 1382, 1272, 1096, 941. HRMS (ESI):
calc’d. for C1aH16NsO2 [M+H]", 286.1299; found: 286.1304.
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2. Characterization of R

The '"H-NMR (600 MHz) shows weak signals yet significant ones are visible to confirm the
presence of respective functional groups. For the magnetically equivalent methyl groups 6 and
7 at the dimethylamine substituent, we locate a singlet at 3.06 ppm (normalized integral: 6.00).
Both other methyl substituents on the rings can be detected at 2.45 ppm (3.03) and 3.95 ppm
(2.94). We further detect the labile amine group hydrogen 1 at 11.10 ppm (0.94) and both aryl
hydrogen signals 2 and 3 at 6.88 ppm (1.02) and 7.80 (1.01), see Figure S1.

T A
'CHa THs HO-_ _DMSO0-d6
o
Hsc/ PR 3 6,7 (s)
- f | .
g ANz NH
g Hy 2 ‘
E 1(s)
o]
5(s)
1(s) 2 [|~= 3(s)
L T 1 l l T T ] d‘ T A
12 10 8 6 2 0
8 [ppm]

Figure S1: '"H-NMR (600 MHz) of R in DMSO-ds

Formic acid\

Intensity

161.21

143.93

136.19 N
160.83(138.07 /135 2 14.76
9995 35.37 99 06
15121 122.34 o | | 22.0¢
1 | | !
1Y T | | | |

L 1 1 T I
200 180 160 140 120 100 80 60 40 20 0
& [ppm]

Figure $2: *C-NMR (75 MHz) of R in HCO:H/10% D20
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Figure S3: Infrared spectrum (ATR) of R recorded from 400 cm-1 to 4000 cm-1
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Figure S4: DSC of R recorded up to 330°C at 5°C/min heating rate. (red — heating, blue — cooling). No melting or
crystallization is detected.

Intens. +MS, 2.6-2.6min #157-158

x105
286:1304
6
44
24
287.1329
L 288.1352

285.5 286.0 286.5 287.0 287.5 288.0 2885 miz

Meas. m/z # lon Formula m/z err[ppm] mSigma # mSigma Score rdb e Conf N-Rule

286.1304 1 C14H16N502 286.1299 -1.9 22.4 1 100.00 9.5 even ok

Figure S5: (ESI)-HRMS spectrum of R.

43



3. Powder diffraction patterns of R and co-crystals

Purity and crystallinity of R are confirmed via PXRD analysis displayed in Figure S6 where
one can identify characteristic peaks at 8.64°, 10.11°, 12.48°, 14.09°, 17.32° and 25.85° 20.
The simulated peak at 26.3° is assigned to the signal at 25.85° since the pattern is slightly shifted

in the range between 25° to 35° 20. The remaining peaks match well with simulated data.

—— R simulated
—R
g
L
A
z Ai .
z -12.48
@
= 8.64
= | 17.32 25.85
3 32
l10_11 14i°" ‘ ‘
i A
T ] T l T I T l T I T ] T ] T ] L]
5 10 15 20 25 30 35 40 45 50

201°
Figure S6: Experimental and simulated from single crystal data PXRD patterns of R (Cu Ka radiation)
The powder patterns of R:A (Figure S7) are in good agreement with the simulated single crystal
patterns and fair crystallinity and purity can be confirmed. We identify significant peaks at
6.29°, 11.59°, 13.55°, 25.22°, 25.97° and 27.78° 20. Figure S7 illustrates the powder patterns
of the experimental and simulated data. The highest signals are slightly shifted by 0.1° to 0.4°
2 0, however, intensities and positions match well overall. Since merely the peak at 7.75 °26

stands out and does not fit either compound (Figure S10) we assume it emerged from impurities.

—— R:A simulated
—R:A
—— R simulated

rel. intensity (offset)

201°

Figure S7: Experimental patterns of R:A and R and simulated from single crystal powder pattern of R:A (Cu Ko radiation)
6
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The diffraction patterns of both single crystal and experimental powder sample of R:B match
well, suggest good crystallinity and do not indicate any phase impurity. Most significant peaks

are detected at 12.93°, 16.63°, 16.94°, 24.28°, 24.96°, 26.65° and 26.94° 28, see Figure S8.

— R:B simulated
——R:B
T — R simulated
g
e
£ 12.93 16.63 16.94 24.28 | |24.96 26.94
z ‘ L
g 26.65
A
z
1 A A Aok
T I L] I L} I L] I L] I T I L] ] L] I L]
5 10 15 20 25 30 35 40 45 50
2009

Figure S8: Experimental patterns of R:B and R and simulated from single crystal powder pattern of R:B (Cu Ka radiation)

The significant reflexes of R:C are found at 6.14°; 11.47°; 12.64°; 24.84° and 27.15° 20 (Figure
S9). The shift of the reflections at higher angles could be caused either by the sample

preparation or by differences in measurement temperatures (SCXRD at 100 K and PXRD at
approx. 298 K).

—— R:C simulated
—R:C
= — R simulated
o
£
)
z 1147 12.64
Z |14 R
o
E
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T I L] I L] I Ll I Ll I T I L] ] L] I L]
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20|

Figure S9: Experimental powder patterns of R:C and R and simulated from single crystal pattern of R:C (Cu Ka radiation)
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Figure S10: Experimental powder pattern of R:A compared to experimental patterns of R and A (Cu Ka radiation)

rel. intensity (offset)

20

Figure S11: Experimental powder pattern of R:B compared to experimental patterns of R and B (Cu Ka radiation)
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Figure S12: Experimental powder pattern of R:C compared to experimental patterns of R and C (Cu Ka radiation)
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4. Thermograms of R and co-crystals

— R—R:A
T=350
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Figure S13: Thermograms of R:A and R measured between 30-600 °C, nitrogen purge gas, heating rate 10 °C/min.
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Figure S14: Thermograms of R:B and R measured between 30-600 °C, nitrogen purge gas, heating rate 10 °C/min.
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Figure S15: Thermograms of R:C and R measured between 30-600 °C, nitrogen purge gas, heating rate 10 °C/min.

48

|
400

500

600

10



5. IR-spectra of co-crystals

The infrared spectrum of R: A (Figure S16) contains two broad bands in the range between 3600
em™! to 3300 cm™! as well as 3300 cm™! to 2600 cm™! which overlap most of the
characteristic bands of R. This observation is a good indication for the presence of O — H bonds,
which occur ubiquitously in the crystal structure. We further notice blue-shifted C = O bands
at 1694 cm™?! by +4 cm ™!, indicating a shortening of the C = O bond, which may be the effect
of the newly built hydrogen bonds with adjacent co-former molecules that leads to the
reorganization of the interaction strength and causes a significant shift of the vibrational band.
A comparison with the A component indicates significant broadening of the O — H band in the
co-crystal compared to pure R, yet the occurrence of two bands at 3505 cm™! and 3439 cm™!
suggests that the extent of overall hydrogen bonding decreased, so these bands are originally
likely overlapped in pure A which due to the presence of two carboxylic functional groups

assumably contains extensive amounts of hydrogen bonding interactions.
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Figure S16: Comparison of IR spectra of R:A with R and A. The fingerprint area (wavenumbers <1500 cm™1) is cut out for
clarity. Characteristic bands are highlighted.

Infrared data of R:B (Figure S17) shows significant red-shifts for the amide N — H stretching
bands at 3359 cm™! and 3237 cm™! with -13 em™ to -21 cm™! compared to the R spectrum.
Further, the C = O vibrational bands are also red-shifted to 1683 cm™! and 1623 cm~!. The
significant prolongation of the C = O and N — H bonds likely arise from both halogen bonds
and hydrogen bonds connecting to the same donor atoms, so that the halogen bonds weaken the
hydrogen bond interaction strength. A similar effect was reported by Vasylyeva et al. where N-
methylacetamid was co-crystallized with several XB donors including B and both XB and HB

connected to the same C = O functional group, causing red-shifted C = O stretching bands®.
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A comparison with the co-former spectrum in fingerprint area is shown Figure S19. The C — |
asymmetrical stretch at 762 cm™! signifies a blue-shift by +4 cm™ and the C — F stretch at
941 cm™ is slightly blue-shifted by +2cm™ . The C— C stretching vibrational band at
1455 cm™? is slightly red-shifted with -3 cm™ compared to the free co-former indicating

increased electron density in the fluorophenyl rest.
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Figure $17: Comparison of IR spectra of R:B with R. The fingerprint area (wavenumbers <1500 cm ™) is cut out for clarity.
Characteristic bands are highlighted.
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Figure S18: Comparison of IR spectra of R:B with B. Wavenumbers >2000 cm ™" are cut out for clarity. Characteristic bands
are highlighted.

The IR spectrum of R:C displays a broad, red-shifted band at the 3400 cm™ to 3300 cm™!
region which represents the symmetric and asymmetric N — H valence vibrations of the
respective compounds. The red-shift is a result of longer N — H bonds in the co-crystal due to

the formation of HB between the amino groups of C and the imide group of R or between the
12
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co-formers. The band representing the C = O vibration at 1688 cm™! is red-shifted by -2 cm™

compared to R indicating a slight increase in the bond length.

3380 |y |
3129 N
3250
: 3063 2984 2799
,g 33727 | 3192] 2078 |
E 3322 3114 2804 1624
(™
et
2
— R— R
L ] v ) v 1 L 1
4000 3500 3000 2500 2000

Wavenumber [em™]

1500

1

Figure $19: Comparison of IR spectra of R:C with R and C. The fingerprint area (wavenumbers <1500 em™~1) is cut out for

clarity. Characteristic bands are highlighted.
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6. Lifetimes, excitation and emission spectra of R, co-crystals and co-

formers
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Figure S20: Normalized absorption and emission spectra of R, R:A, R:B and R:C in acetonitrile at room temperature
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Figure S21: Normalized absorption and emission spectra of R, R:A, R:B and R:C in chloroform at room temperature
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Figure S22: Normalized absorption and emission spectra of R, R:A, R:B and R:C in methanol at room temperature
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Figure S23: Normalized absorption and emission spectra of A in acetonitrile, chloroform and methanol at room temperature
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Figure S24: Normalized absorption and emission spectra of B in acetonitrile, chloroform and methanol at room temperature
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Figure S25: Normalized absorption and emission spectra of C in acetonitrile, chloroform and methanol at room temperature
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Figure S26: Normalized solid-state excitation and emission spectra of A at room temperature
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Figure §27: Normalized solid-state excitation and emission spectra of B at room temperature
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Figure S28: Normalized solid-state excitation and emission spectra of C at room temperature
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Figure S29: Normalized solid-state excitation and emission spectra of R at room temperature
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Figure S34: Normalized solid-state luminescence decay curves of C with instrument response function (IRF), acquired at

room temperature

No luminescence decay curves for co-former B could be measured as the required excitation

wavelength is below 375 nm and no pulsed EPL laser diode sources with UV wavelengths were

available for respective time-resolved measurements at our institute.
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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.
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Abstract: Roseolumiflavin is a deep red microcrystalline derivative of isoalloxazine that exhibits a
weak photophysical activity in the solid state. In aqueous as well as in acidic solution of formic or
acetic acid, respectively, it tends to form solvates. Herein, we present a set of binary and ternary
roseolumiflavin solvates including one hydrate and a solvate hydrate. The impact of the solvent
on solvate formation along with an in-depth structural analysis was investigated. Calculations of
the lattice energies provide insight into the phase stability of the evaluated systems showing an
energetic benefit for all solvates with values up to —395.82 k] /mol. The total interaction energies
between molecules calculated via Crystal Explorer further identified cofacial 7t---7t stacks to be the
most strongly bonding fragments in the crystal lattices for all systems except the formic acid solvate,
followed by remarkably weaker hydrogen-bonded arrangements. The energetic contributions of
single intermolecular interactions within the fragments are evaluated by an atoms-in-molecules
approach. It is shown that physicochemical properties, such as thermal stability, can be tuned
depending on the incorporated solvent molecules despite a high decomposition temperature of the
chromophore.

Keywords: solvate formation; chromophore; phase stability; lattice energy; interaction energy;
stacking; hydrogen bonds; thermal stability

1. Introduction

8-(Dimethylamino)-7,10-dimethylbenzo[g]pteridine-2,4(3H,10H)-dione, also known as
roseolumiflavin (R), is an organic chromophore emitting deep red-light which is derived
from the class of flavin compounds. Prior research on R has shown its capability to co-
crystalize with a set of miscellaneous coformers, providing either hydrogen-bonded or
halogen-bonded interaction motifs, which led to altered photophysical properties [1]. These
findings display the versatility of such compounds with regard to its propensity to build up
novel structures. Therefore, different rational design strategies could be adopted on solid
state organic chromophores to enhance their applicability in a wide range of fields [2,3].
The aforementioned crystal engineering approach can be stressed out even further when
solvate systems are considered. Solvates are solid phases of a compound that form in
the respective environment, typically in solution or by exposition to solvent vapor, where
solvent components are incorporated into the crystal lattice by weak interactions [4,5]. If
the solvent is water, these systems are referred to as hydrates. Just like their co-crystalline
counterparts, these multicomponent systems can alter physicochemical properties of their
respective host molecule as well such as melting point, solubility, mechanical properties,
stability, or processability, amongst others [5,6]. Setting a clear cut between terminologies
for crystalline phases has been a topic of discussion. Reminiscent of the scientific debate
regarding the justification of the term pseudopolymorphism [7-10], for example, we may
also point to a recent proposal of Grothe et al. in 2016 to employ a set of seven classifications
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to differentiate between salts, co-crystals, and solvates to avoid ambiguity [11]. In the
following, solvates and hydrates are merely used as a general term for a multicomponent
system of R including either solvent molecules or, in the case of hydrates, water molecules.
Knowledge about the occurrence and the circumstances resulting in solvate formation is of
industrial importance, especially for pharmaceuticals and dyes, considering the effect that
solvent inclusion solely based on intermolecular interactions can have on the compound
properties in the crystalline state [4,12]. Granted, weak intermolecular interactions, the
most prominent being the hydrogen bond, induce molecular recognition and provide
stability for the crystalline state of organic compounds [13,14]. For example, the hydrate of
the pharmaceutical drug phenibut, although thermodynamically not preferred, may form
as a metastable intermediate in the transformation of phenibut and its salt phase, which is
solely stabilized by weak intermolecular hydrogen bonds [15]. Likewise, in the case of the
drug 5-fluorouracil, Heinen et al. faced challenges when producing solvent-free co-crystals
due to the propensity of the corresponding hydrate to form highly stabilized hydrogen-
bonded networks [16]. These examples show how solvates can compete with and hinder the
desired outcome, e.g., co-crystal formation, generally in an unpredictable and uncontrolled
manner. Indeed, solvates often appear as unwanted by-products during crystallizations or
in synthesis processes. Thus, not much attention is paid to extensive investigations of the
driving factors for the solvate formation. However, a combination of the solvates’ crystal
structure interpretation and topological analysis of the involved intermolecular interactions
on the one hand, alongside the evaluation of energetic contributions for their formation
on the other hand, can provide important information, which can help to improve the
prediction and to gain control over the desired phase crystallisation. With this work,
we aim to encourage researchers not to disregard investigations of solvate and hydrate
solid-state systems, as this set of multicomponent crystals in many cases contains useful
information to add to a better understanding of properties, favoured mechanisms, and
structural characteristics of its underlying component.

Herein, we report the discovery and structural characterisation of two new binary
and one ternary solvates of R (Scheme 1) along with its hydrate: roseolumiflavin:formic
acid solvate (1:1, R:=HCOOH), roseolumiflavin:acetic acid solvate (1:1, R:AcOH), roseolumi-
flavin:water:acetic acid solvate hydrate (1:1:1, R:H,0:AcOH), and roseolumiflavin:trihydrate
(1:3, R:3H0).

I I
N N N o}
H,C/ =
Ring2 | Ring3
P NH
HaC N

Roseolumiflavin (R)
Scheme 1. Roseolumiflavin (R).

Intermolecular interactions present in the obtained crystal lattice of R and its multi-
component systems are further investigated in terms of their energetic impact on the phase
formation, since this biologically relevant organic chromophore is still scarcely examined,
especially on a molecular level. Besides our initial experimental article [1], to the best of
our knowledge, only one publication exists investigating the photophysical activity of R
in different virtual environments based on theoretical models [17]. In that regard, it is of
importance to gain an in-depth understanding of the intricate interaction patterns in the
crystal structures that ultimately construct the solid phases. Previous research indicated
the strength of the hydrogen-bonded dimeric motif in the crystal structure of pure R, which
has been a primary target of a co-crystallization strategy to functionalize [1]. This is also in
agreement with prior publications of related flavin co-crystals [18-21], which determine
hydrogen-bonded interactions to be the driving force for structural arrangement. Based on
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the crystalline structure of R, we proceed to scrutinize the strongest interactions present
in the crystalline phase via both the atoms-in-molecules (AIM) method implemented in
the MultiWFN package [22] and the model interaction energies approach [23] provided by
CrystalExplorer21 [24]. These results are compared to those of the herein reported crystal
structures of the roseolumiflavin solvates to gain better insight in the crucial determining
factors for the assembly of multicomponent systems of the flavin.

2. Materials and Methods
2.1. Synthesis

1:1 Roseolumiflavin:formic acid solvate (R:HCOOH): Red needles of RRHCOOH were
obtained from a solution of 3 mg of R in 1 mL formic acid and slow evaporation of the
solvent at ambient temperature. R:HCOOH could be reproduced confidently via a solvent
evaporation method. Bragg reflections [°20]: 6.4, 10.32, 14.7, 25.12, 27.0; IR [em~1]: 3341,
3159, 3015, 2800, 1694, 1668, 1643; TGA [°C] (mass loss [%]): 119 (5), 371 (58).

1:1 Roseolumiflavin:acetic acid solvate (R:AcOH): Clear, red rectangular-shaped plates
of R:AcOH were obtained from a solution of 3 mg of R in 2 mL acetic acid and slow
evaporation of the solvent at ambient temperature. Reproduction of the structure was
possible in arbitrary amounts of solvent via a solvent evaporation method. Bragg reflections
[°20]: 6.44,11.93, 14.4, 15.3; IR [cm ~']: 3428, 3280, 3207, 3065, 3040, 2811, 1688, 1644; TGA
[°C] (mass loss [%]): 103 (16), 353 (52).

1:3 Roseolumiflavin:trihydrate (R:3H0): Thin, light-red needles of R:3H,0 were
obtained from dissolution of 1 mg of R in 1 mL water and slow evaporation of the solvent.
The hydrate precipitates immediately after R comes into contact with the solvent at ambient
temperature. R:3H;0 could be reproduced confidently via a solvent evaporation method.
Bragg reflections [°20]: 7.26, 9.62, 10.94, 13.11, 15.97, 18.94, 30.22, 31.45, 33.36, 35.24, 41.42,
44.79; IR [em~]: 3379, 3249, 3131, 3070, 2995, 2804, 1695, 1637; TGA [°C] (mass loss [%]):
48 (15), 288 (51).

1:1:1 Roseolumiflavin:water:acetic acid solvate hydrate (R:H;O0:AcOH): Red, block-
shaped crystals of R:H20:AcOH were noticed as a side product in vessels of R:AcOH
samples due to their distinct morphology and were picked for X-ray measurements. Nu-
merous further attempts for a targeted reproduction of the structure under variation of
conditions such as solvent amount, additives, and temperature have failed; incremental
addition of water resulted in precipitation of the hydrate. Thus, besides the theoretical
calculations based on the crystal structure obtained from single crystal X-ray measurements,
no further experimental analyses could be carried out for this particular compound.

2.2. X-ray Measurements

A Rigaku Miniflex diffractometer (Rigaku, Tokyo, Japan) was used for powder X-
ray diffraction (PXRD) measurements in 0/20 geometry at ambient temperature (20 °C)
using Cu-Ko radiation (A = 1.54182 A). Single-crystal X-ray diffraction (SCXRD) measure-
ments were carried out on a Bruker APEX Duo diffractometer (Bruker, Billerica, MA, USA)
with a CCD detector, micro-focus X-ray tube, and Mo-K« radiation (A = 0.71073 A) at
140(2) K for R:AcOH, R:3H>0 and R:AcOH:H,0 and a Rigaku XtaLAB Synergy-S diffrac-
tion system (Rigaku, Tokyo, Japan) with a HiPyx 6000 photon detector, and micro-focus
X-ray tube with Cu-Ka radiation (A = 1.54182 A) measured at 100(2) K for R:HCOOH.
Cell refinement, data collection, and data reduction on the Rigaku Synergy-S system were
performed with CrysAlisPro [25]. On the Bruker APEX Duo, data collection and cell refine-
ment were achieved with APEX2 [26] and data reduction was performed via SAINT [27].
Structure solution was conducted by SHELXT 2014/5 [28] for R:AcOH, R:3Hz0, and
R:AcOH:H,O and SHELXT 2018/2 [28] for RHCOOH. R:AcOH:H;0 was refined with
SHELXL-2014/7 [28], R:AcOH and R:3H,0 were refined with SHELXL-2017/1 [29] and
R:HCOOH was refined with SHELXL-2018/3 [29]. R-HCOOH was refined with the Olex2
software package (OlexSys Ltd., Durham, England, v.1.5) [30]. All non-hydrogen atoms
were refined with anisotropic displacement parameters. All hydrogen atoms were ex-
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perimentally refined. All structures are deposited in the CCDC with following numbers:
2294770-2294773.

2.3. Thermogravimetric Analysis (TGA)

TGA measurements were performed on a Netzsch TG 209 (NETZSCH, Selb, Germany)
in the range between 30 °C and 600 °C with a 10 °C min~! heating rate under a nitrogen
atmosphere. In total, 5 mg of each compound was analysed.

2.4, FTIR Measurements

The FTIR spectra were recorded on a Bruker Tensor 37 (Bruker, Billerica, MA, USA)
with an ATR-unit at ambient temperature (25 °C) in the range between 4000 cm ! and 400

em~ 1,

2.5. Chemicals

Roseolumiflavin was synthesized as reported previously [1]. Formic acid (>98%) and
acetic acid (>99.8%) were purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO,
USA) and used without further purification. Deionized water was used for the hydrate
crystallisation.

2.6. Software

The software package MultiWFN [22] was used for AIM calculations based on .wfn
files of molecular geometries based on crystal structure data. The .wfn files were generated
by a density function theory (DFT) method using Gaussianlé [31] at a BBLYP/6-31G** level
of theory for comparability with calculated model interaction energies [23] derived from
CrystalExplorer21 [24], which are parametrized for the same combination of functional and
basis set. Quantum Espresso (QE) PWSCF (Quantum ESPRESSO Foundation, Cambridge,
UK, v. 6.6) was utilized for calculations of lattice energies with the atomic pseudopotentials
originating from the QE pslibrary, following the approach described by Komisarek et al.
in 2022 [32], with the exception that initial geometry optimization was done via the “re-
lax” command. Hydrogen bond interaction energies based on bond critical points were
predicted via the model proposed by Emamian et al. in 2019 [33]. Mercury 2022.3.0 [34]
was used for structural figure preparation, and verbose crystal structure information was
derived from PLATON for Windows Taskbar (A.L.Spek, Utrecht University, Utrecht, The
Netherlands, Version 1.19) calculations [35].

3. Results
3.1. Single Crystal X-ray Diffraction (SCXRD)

Four new solvate structures, including a hydrate, were yielded from single crystal
X-ray measurements. In the following section, a structural analysis of each structure is pro-
vided. Table 1 displays the overview of the important crystallographic data for R:-HCOOH,
R:AcOH, R:3H;0, and R:AcOH:H;O. In all the presented structures, no (de)protonation
is observed, verified additionally by IR-analysis (see Figure S1 in ESI).

The formic acid solvate R=HCOOH (1:1) crystallizes in the monoclinic space group
P2;. The asymmetric unit contains two units of each molecule (Z = 4, Z' = 2). Each R
molecule is connected to an adjacent formic acid molecule via hydrogen-bonded (HB) inter-
actions (graph set notation D [36] O3-H3:--O1: 2.577(5) A and O7-H7A.--O5: 2.598(6) A).
Amide-amide homodimeric interactions (R%(B), N2-H2---06: 2.828(6) A and N7-H7---O2:
2.768(6) A) between the imide groups of each two neighbouring R units propagate along
the crystallographic b-axis, constructing tetrameric motifs of two R and two acid molecules,
see Figure 1a. The same amide-amide dimer is present in the single-component R structure,
as described previously [1]. Along the c-axis, these tetrameric motifs organize them-
selves in a herringbone arrangement mode. The R molecules are further arranged along
the a-axis in a cofacial 7---7t stacking orientation (centroidgut--centroidour: 3.796(3) A,
centroidpmigdle:-centroidyiggre: 3.796(3) A) parallel towards each other, see Figure 1b.
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Table 1. Crystallographic data of R:HCOOH, R:AcOH, R:3H,0 and R:AcOH:H; 0.

Name R:HCOOH R:AcOH R:3H,0 R:AcOH:H,O
Empirical formula Ci4HisNs0p, COpHy  CaHysNsOy, CHgO,  CpyHysN5O,, 3(H,0) C“H““’N]filozg CoHO,,
Molecular weight 33133 34536 339.36 363.38

[g/mol]
Temperature [K] 100(10) 140(2) 140(2) 140(2)
Space group P2y P1 P1 P2y /c
Crystal system monoclinic triclinic triclinic monoclinic

a[A] 3.79570(10) 7.8393(7) 6.852(6) 7.1439(9)

b[A] 20.0858(5) 8.2797(7) 9.281(8) 15.574(2)

clA) 18.9737(6) 14.0559(12) 12.685(11) 15.2510(19)

] 90 73.647(5) 79.26(3) 90

BI°] 93.755(3) 77.917(5) 74.75(3) 1689.5(4)

v I°l 90 67.478(5) 87.10(3) 90
Volume [A3] 1443.44(7) 803.34(13) 764.6(11) 1689.5(4)
Z/Z 4/2 2/1 2/1 4/1

Peale [g/em?] 1525 1428 1474 1.429
p[1/mm] 0.953 0.106 0.114 0.108

Tinin/ Tmax 0.698/1.000 0.959/0.993 0.945/0.989 0.979/0.996
F(000) 696 364 360 768
Crystal size [mm?] 0.01 x 0.02 x 0.18 0.07 x 0.08 x 0.40 0.10 x 0.10 x 0.50 0.04 x 0.10 x 0.20
0 range[°] 3.1690/76.7990 1.520/26.000 1.691/24.996 1.873/25.990
Completeness [%] 99,0 99.2 99.4 99.8
Recorded reflections 4600 9851 10180 12686
Independent reflections 4165 3139 2667 3310
Goodness-of-fit F2 1.057 1.047 1.026 1.037
X-ray source CuKa MoKe MoKa MoKer
(A= 154184 A) (A=071073 A) (A = 0.71073 A) (A =0.71073 A)
R1/wR, 0.0527/0.1474 0.0534/0.1584 0.0796/0.2499 0.0432/0.1205

(a)

(b)

Figure 1. (a) Herringbone arrangement of tetrameric substructures along the c-axis in RRHCOOH.

View along the a-axis. (b) Propagation of 7---7 interacting flavin stacks along the a-axis. View along
the c-axis.

The R:AcOH (1:1) solvates crystallize in the triclinic P1 space group with one acetic
acid molecule and one R molecule in an asymmetric unit cell (Z = 2, Z’ = 1). Along the
crystallographic a-axis, two R molecules align via strong inversely oriented cofacial r:--nt
stacks (centroidyys --centroidgus: 3.5008(14) A, centroid piqdle - centroid yigdle: 3.4567(13) A).
The stacks build up brick layer structures in the crystal packing connected by offset 7t---7t
interactions (C2---C10 3.323(4) A, see Figure 2b).
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Figure 2. (a) Hydrogen-bonded acid-amide dimers of R and acetic acid in R:AcOH. View along
the crystallographic b-axis. (b) Stacking motifs formed along the a-axis. Coloured by symmetry
equivalent entities (R: green, acetic acid: blue). View perpendicular to be-plane.

Opposite to the R and R:HCOOH structures, the amide-amide homodimers in R:AcOH
are replaced by an acid-amide heterodimeric motif. An acetic acid molecule interacts with
the flavin’s imide group (R3(8), O3-H---02: 2.596(2) A, N2-H.--03: 2.879(2) A). Adjacent
acetic acid molecules support the dimeric synthons via short C16-H---O2 contacts (3.420(3)
A) to give tetrameric units. Further, tetramers are connected via multiple R molecules stabi-
lizing the pattern by C-H.--O interactions of average 3.2-3.5 A, in particular facilitated by
the convenient orientation of the R methyl substituents to form narrow hydrogen-bonded
layers along the ab-plane (Figure 2a).

Single crystals of R:3H,0 (1:3) are of a remarkably thin, fine needle-like shape in
bright red colour, which tend to agglomerate immediately. The needles are sized between
0.01 mm and 0.05 mm in width and up to 0.5 mm in length. The resolved structure belongs
to the triclinic PT space group with one R and three water molecules in an asymmetric unit
cell (Z =2, 7" =1). R molecules align via 7---7t interactions along the crystallographic a-axis
and construct slip-stacked interaction geometries (centroidgy - centroidgye: 3.678(4) A and
3.597(4) A, centroid pmiggre  "centroidmigqie: 3-697(4) A and 3.678(4) A). These stacking motifs
are separated along the c-axis by water molecules that replace the typical amide-amide
synthon and instead provide several O-H---O and N-H---O interactions between the flavin
stacks (N2-H---O5: 2.774(5) A, N3-H---O4: 2.981(5) A, O1-H---O5: 2.752(4) A, O1-H---O4:
2.759(4) A) as well as O-H:--O interactions to neighbouring water molecules (O3-H5---O4:
2.833(5) A, O3-H4---O4: 2.887(4) A, O3-H---O5: 2.805(5) A). This results in a much more
complex crystal architecture when compared to all other reported structures, which consist
of alternating R stacks and hydrogen-bonded sequences of water molecules (Figure 3b),
propagating along the b-axis. Among the complexity of the present HB interactions, we
can identify three main ring-motives, each built up by four molecules. Hereby, two similar
tetrameric subsequences of the type [Ri(lZ)], constructed of two R and two water molecules
each, form a zig-zag chain C3(10)[[R}(12)]os, [R}(12)]os] (Figure 3a). The third ring system
[R}(10)]os encloses one R and three water molecules which allows a connection to the
next stacked layer. The short contacts between neighbouring R molecules provided by the
C11-methyl side chain and the amide group (C11-H---O2: 2.66 A) allow for the expansion
of the flavins along the b-axis.

The ternary R:AcOH:H,O (1:1:1) solvate hydrate crystallizes in the monoclinic P2; /¢
space group and the red block-shaped crystals appear in sizes between 0.04 mm to 0.20 mm.
One molecule of each individual component is found in the asymmetric unit (Z = 4,
Z' = 1). Remarkably, similar to R:AcOH, an amide-amide dimeric motif typical for flavins
is replaced by a supramolecular acid-amide synthon (Figure 4). However, not only does
one acetic acid molecule serve as a substitute but is supported by a water molecule to give
strongly bound trimeric motifs with donor-acceptor distances O5-H---04 (2.7077(18) A) and
N3-H.--02 (2.952(2) A). Such an arrangement enables tilted R stacks at 34.93° angle along
the b-axis due to the flexible positioning of the small solvate molecules. The slip-stacked
-1 connections (centroidgyt:--centroidgye: 3.5732(10) A, centroid yigde: - centroid yigdie:
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3.5545(9) f\) are formed with one flavin molecule oriented inversely to the other one along
the a-axis. Each isolated, nearly cofacial stack is alternating with a neighbouring offset
stack (C2---N4: 3.429(2) A and C7---N2: 3.4108(19) fi). The tilted stacks are stabilized by
hydrogen-bonded zig-zag chains built up of trimers along the b-axis (graph set notation
C%(S)R%(l(])). Those are mainly induced by water molecules serving as a mediator between
the carbonyl groups of two flavin molecules (O5-H---03: 2.8608(17) A) and one acetic acid
component, itself stabilized by the O1-H---O5 (2.5483(19) A) interaction.

(a) (b)

Figure 3. (a) The imide group in R:3H,0 interacts with water molecules giving different tetrameric
ring motifs; those build up hydrogen-bonded chains (C (10)[[R}(12)]0s, [R}(12)]o4]) along the
crystallographic b-axis. View along the a-axis. (b) R stacks are connected via complex O-H---O
interaction patterns involving water entities.

-
=

(b)

Figure 4. (a) Hydrogen-bonded chains between solvate O-H groups and R amide groups connect
trimeric motifs along the b-axis in R:AcOH:H,0. View along the a-axis. (b) Quasi-cofacial .-t
stacks connected by offset stacking interaction alternate along the a-axis. View along the c-axis.
Coloured by symmetry inequivalence for clarity (R: blue, acetic acid: green, water: red).

3.2. Powder X-ray Diffraction (PXRD)

The synthesized solvates were characterized via powder diffraction pattern analysis.
In comparison to pure R, clearly distinct new diffraction patterns can be observed, verifying
the synthesis of new phases (Figure 5). Experimental powder patterns are reproducible
in agreement with the simulated patterns obtained from SCXRD data (see Figures 52-54
in ESI), which confirms the overall phase purity for R:3H,0, R:HCOOH, and R:AcOH.
Hereby, R:AcOH shows a strong preferred orientation of the (0 0 1)-plane in the experi-
mental powder pattern. The simulated PXRD was therefore adapted with a March-Dollase
factor of 0.6 for a better comparison (Figure S2 in ESI).
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rel. intensities (offset)

207

Figure 5. Experimental powder diffraction patterns of R:AcOH, R:3H20, R:HCOOH in comparison
to R.

3.3. Thermogravimetric Analysis (TGA)

Thermal stability studies were conducted by thermogravimetric analysis of each
compound, including R. Pure R decomposes in one step at Ty of 350 °C (Figure 6). The
thermogram of R:AcOH features two mass losses. The first one, with an onset of 103 °C
and a mass loss of 16%, is apparently due to the solvent release from the crystal lattice.
This equates to 0.93 moles of solvent molecules. The second one at 353 °C is indistinctively
attributed to the decomposition point of R with a mass loss of 52%. R:3H,O also degrades
in two steps. The first with an onset at 48 °C indicates an early evaporation of water,
causing 15% of a mass decrease (2.82 moles of water molecules). The second step at 288 °C
(mass loss of 51%) shows a remarkably strong shift in decomposition temperature of R to
lower temperatures.

|— R:HCOOH
—— R:AcOH
——R:3H,0
—R

Tucoon=119 '[-k:'_-gﬂ

Offset mass [wt%]

b R=},Su

T T T T T T
100 200 300 400 500 600
Temperature [°C]

Figure 6. Thermogravimetric analyses of R, R:AcOH, R:3H;0 and R:HCOOH taken from 30 to
600 °C, under nitrogen atmosphere at 10 K/min heating rate. Extrapolated onset decomposition
temperatures are given.
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For R:HCOOH, the first step at 119 °C with a mass loss of 5% indicates the release
of the formic acid. This corresponds to only 0.35 mole of the solvent, which is probably
caused by a partial loss of solvent molecules from the crystal lattice prior to the TG analysis
during the sample storage. The second step, again representing the start of decomposition
of the chromophore, is set at 371 °C with a mass loss of 58%, reaching a significantly higher
decomposition point of the chromophore.

3.4. Computational Studies

An evaluation of the phase stability of the new structures is investigated by compari-
son of lattice energies and topology analyses via the atoms-in-molecules (AIM) approach, as
well as intermolecular interaction energies. Based on the method described and validated
by Komisarek et al. [32], lattice energies (E},;) for each solvate structure and R are calculated.
The results demonstrate that the formation of all reported solvate structures is driven by
a considerable gain in energy when compared to pure R with its Ej,; of —181.08 k] /mol
(Table 2) This explains why the formation of the solvate phases is preferred in the re-
spective solvent environment. Hereby, R:HCOOH shows just a slight energetic benefit
with —197.58 k]/mol. A noteworthy observation is the relative positioning of energies
for R:AcOH:H,0 with E;; of —352.46 k] /mol, which is set between both R:AcOH and
R:3H;0, showing lattice energies of —283.55 k] /mol and —395.82 k] /mol, respectively.
Since in all our attempts to systematically reproduce said system, the hydrate formation
was favoured, these findings indicate that the ternary system is an intermediate product
when both solvents are present, thus a targeted crystallization of that intermediary stage is
challenging. The formation of R:3H,0 is the most beneficial, which goes along with our
experimental observation of its immediate precipitation once R is treated with water.

Table 2. Overview of the calculated lattice energies (Ej,), strongest pairwise interaction energies (Eiot)
of a central flavin molecule in a 3.8 A cluster, and estimated binding energies (BE) for HB interactions
for R, R:HCOOH, R:AcOH, R:AcOH:H;0, and R:3H,0.

Quantum Crystal

AIM
Espresso Explorer Intermolecular
Structure .
Ejat Etot BEestimated Interaction
[k]/mol] [k]/mol] [k]J/mol]
—1134 - cofacial 7t---7t stack
—-127.1 - cofacial 7.7t stack
R —181.06 —434 ~19.34 N2-H.-02
—19.34 N2-H---02
—5.56 C11-H---01
—5.11 C13-H---01
365 —-2.32 C13-H--N1
—2.09 Cé-H---0O1
-31.15 03-H---01
—585 —27.75 07-H--05
416 —25.88 06---H-N2
R:HCOOH —197.58 ' —22.88 N7-H---02
—36.5 - cofacial 7t---7t stack
330 —8.95 C28-H---06
’ —4.88 C13-H---05
—110.0 - cofacial 7t---7v stack
—70.5 - offset 7t---7t stack
R:AcOH —283.55 —64.9 - offset 77 stack
620 —35.95 02---H-03
’ —21.02 N2-H---04
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Table 2. Cont.
Quantum Crystal AIM
Espresso Explorer Intermolecular
Structure .
Ejat Ejot BEestimated Interaction
[k]/mol] [k]J/mol] [k]J/mol]
—116.3 - cofacial 7t---7t stack
—70.5 - offset 7t---7t stack
R:AcOH:H,O —352.46 _348 _2338 04-.-H-05
-30.8 —3.57 03--H-C1
—-110.7 - cofacial 7---7 stack
—104.6 - cofacial 7r---7v stack
—-32.6 —-0.92 Cé6-H---02
R:3H,0 —395.82 269 C11-H...02
—324 —2.60 C13-H---02
—18.35 01---H-04
—26.5 —2294 01---H-05
—251 —30.11 N2-H---05
—18.0 —10.68 N3---H-04

To gather a profound understanding of the driving forces that lead to the formation
of the respective crystal lattice, the specific molecular surroundings of the chromophore
weres investigated for each structure. For this, we utilized the model interaction energies
method implemented in CrystalExplorer21 [23]. Here, a 3.8 A cluster of molecules encom-
passing one flavin molecule is generated, approximating the first interaction environment
of the selected central molecule. The energy of interaction acting upon the central flavin
molecule with each of the neighbour molecules within the cluster is calculated via a DFT
approach at a B3LYP/6-31G** level of theory. For each two interacting molecules, the total
interaction energy Eio, which encloses the sum of electrostatic (E,), polarization (Epal)s
dispersion (Eg;), and exchange-repulsion (Erep) energies, each multiplied with respective
scaling factors, is calculated and can be quantified. This approach provided us a first
overall understanding of the most strongly bonded molecular fragments in each crystalline
phase, which dominate and drive their architectures. The highest impact within the total
interaction energy between the molecules is provided by the intermolecular interactions
involved. Following this, we approximate the strongest contributors. For each structure,
the four highest calculated total energies of molecular interaction are given in Table 2, along
with the assigned contributing intermolecular interactions. A complete table is provided
in the ESI (Table S5). For R:3H:0, additional interactions are given, generally of a weaker
total energy but of a high binding energy, which will be discussed further.

Evaluation of the pairwise interactions for R via CrystalExplorer shows the highest
values being supplied by units that provide 7---7t stacks as well as the aforementioned
amide-amide hydrogen-bonded dimer between two flavins. Noteworthy, a flavin moiety
adjacent to the dimethylamine residue provides some strong molecular interaction ener-
gies in close energetic range as well, which can be found in nearly all structures except
R:HCOOH, with E values around —30 kJ/mol. The highest contribution in R:AcOH,
R:AcOH:H;0, and R:3H;0 again is given by cofacial 7t---7 stacked units with total inter-
action energies around —110 k] /mol. Still, cofacially stacked flavin moieties provide the
highest total molecular energetic gain in R with up to —127.1 k] /mol. The contribution en-
ergies drop down to —64 k] /mol the more the stacks are offset in the arrangements present
in R:AcOH, R:AcOH:H;0. Solely in R:AcOH, a pairwise interaction of a solvate molecule
and the flavin’s imide group, which corresponds to HB (—62.0 k] /mol), provides an ener-
getic benefit at a similar range compared to the stacks. Otherwise, all hydrogen-bonded
fragments corresponding to amide-amide, acid-amide dimers, or interactions with water
molecules in R, R:AcOH, R:AcOH:H;0, and R:3H20 exhibit highest E;o: values between
—30 to —43 kJ/mol, being clearly outnumbered by the 7--7t stacking. The R:HCOOH
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structure stands out of all investigated systems with an absolute value of the 7t---7 interac-
tions contributing fragment being significantly lower than in the other structures. Here,
the strongest total energy is directly induced by the formic acid unit, which interacts via
hydrogen bonds with the flavin.

Finally, based on these initial observations and results, an AIM analysis [37] shall
elucidate whether bond critical points (BCPs), in line with the underlying theoretical con-
cept, do exist along the respective pathways, aiding in the identification of the respective
interactions. Additionally, by applying a fitted equation provided by Emamian et al. [33]
we estimate the binding energies (BE) of the located HBs. In this way, an energetic con-
tribution of the single intermolecular bond can be verified. To the best of our knowledge,
no equation for the estimation of 7t---7 interactions is available yet. The AIM analysis
confirms bond critical points with stabilizing interaction energies located between the
dimeric units of two R molecules in the pure flavin structure. The estimated binding
energies are summarized in Table 2. These interactions can be identified as moderately
strong hydrogen bonds at —19.3 k] /mol, particularly in relative comparison to the further
identified hydrogen-bonding interactions between the dimethylamine residue and the
imide group of two adjacent R moieties, ranging between —2.3 and —5.1 kJ/mol. The
structural positioning of the units allows further C6-H---O1 and C11-H---O1 HBs with
similar energetic gain. Comparable stabilizing interactions are observed in R:AcOH, with
binding energies ranging between —2.4 and —4.2 k] /mol, which is slightly lower than
those in R. In R:AcOH, the dimeric flavin unit is replaced by hydrogen-bonded motifs
with the acid unit. In absolute values, the binding energies are significantly stronger when
compared to the hydrogen bonds provided in the amide-amide synthon in the R crystal
lattice. In R:AcOH:H,0, moderately strong interaction motifs are provided not only by
the water molecules but the acetic acid unit as well. The water molecules interact with
the imide group over O4---H-O5 (—23.4 k] /mol) and O3---H-O5 (15.4 k] /mol) HBs. The
acetic acid units provide stabilizing HB via N3-H---O2 at 14.7 k] /mol and even weak
interactions with the solvate methyl group via O3---H-C1 at —3.6 k] /mol. In R:3H;0, the
dimeric motif has also been replaced by water molecules. Comparing the binding energies,
we observe interactions around 1.5 times higher than the amide-amide synthon in pure
R. The strongest interaction is observed between O5---H-N2 at —30.1 kJ /mol, followed
by an adjacent water molecule interacting with the carbonyl group via O1---H-O5 with
an energetic benefit of —22.94 k] /mol and further stabilizing interactions with energetic
values around —10 kJ/mol. On the other hand, the aforementioned methyl group HB
interactions to neighbouring flavin units are weaker ranging from —0.92 to —2.69 k] /mol.
Lastly, in RRHCOOH we identified strong HBs between acid units and the flavin with
—31.15 (0O3-H:--O1) and —27.75 kJ /mol (O7-H::-O5), while the dimeric hydrogen-bonded
flavin units also contribute to the stability with —25.88 and —22.88 k] /mol, respectively.
Moreover, according to our AIM analyses, the structural peculiarity of tilted adjacent
flavin molecules with their dimethylamine residue directed towards the nearby carbonyl
group provide even further stabilizing effects with —8.95 k] /mol between C28-H:--O6 and
—4.88 k] /mol between C13-H---O5.

4. Discussion

Our findings display the versatility of R with respect to solvation, evident not only in
the formation of various compounds but also in their altered crystal structure. While an
amide-amide synthon between two flavin molecules is present in both R and R:HCOOH,
in the other solvates the solvent molecules replace these hydrogen-bonded interactions
with additional stabilizing benefits in their respective crystal lattices. The estimated HBs
in total outweigh the already moderate to strong hydrogen bonded amide-amide motif.
Considering identified 7---7 interactions, what stands out is the strength of the fragment
contributions being significantly higher in comparison to the HBs, at around —100 to
—120 kJ/mol in cofacial systems and around —65 to —70 k]/mol when offset. The strongest
molecular contribution by cofacial stacks is present in the pure R structure followed by

71



Crystals 2023, 13,1512

12 of 15

R:AcOH:H;0, R:AcOH, and R:3H;0. Noteworthy, the R:HCOOH stacks merely provide
energetic benefits at —36.6 k] /mol, which are around one-third of the observed values
in the other structures. Comparing the 7 - - 7t distances with those of pure R, we find
overall slightly shorter distances between the flavin units in R:AcOH and R:AcOH:H;O,
similar range distances in R:3H,0, and longest distances in R:HCOOH. See Table 3 for the
respective values.

Table 3. 7t - - 7 Distances measured for R, R:AcOH, R:3H,0, R:AcOH:H20 and R:HCOOH.

Structure T 7t - -m[A]
R Ring 2-Ring 3 | 3.576(4) and 3.6280(13)

. Ring 2-Ring 2} 3.4567(13)

HiAcOH Ring 1-Ring 3 | 3.5008(14)
R3H.O Ring 2-Ring 2 ! 3.697(4) and 3.678(4)
e Ring 1-Ring 3 3.678(4) and 3.597(4)

. . Ring 2-Ring 2 il 3.5545(9)

R:AcOH:H,0 Ring 1-Ring 3 't 3.5732(10)

Ring 1-Ring 1
R:HCOOH Ring 2-Ring 21 3.796(3)
Ring 3-Ring 3

M-xl-yl-z"-—xl1-y —z; il % 1-y1l-zY -l+xyzandl+xy,z

In the case of R:HCOOH, the solvate molecules add to the stability of the dimeric unit
by the formation of HB alongside the imide group. Further, graph set notation analyses
show that the presence of water molecules results in the formation of hydrogen-bonded
chains in both R:3H>0 and R:AcOH:H;O, whereas the two other solvates are limited to
finite interactions. These added benefits are represented in the calculated lattice energies
as well, considering calculated E|,; decreases along the row R > R:tHCOOH > R:AcOH >
R:AcOH:H>0 > R:3H,0. This results in the most stable lattice for the R trihydrate. The
ring distances, however, do not vary by large values; the longest and shortest absolute
centroid-centroid distances observed in RtHCOOH and R:3H;0, respectively, merely
differ by ca. 0.2 Ain comparison to R. Assuming the intermolecular interactions to be of
significance, this suggests the aforementioned HBs to be the primary determining factor for
the lattice energy alteration. The high energetic benefit of the hydrate further confirms the
experimental observations, where the slightest presence of water in solvate samples resulted
in an exclusively preferred formation of the hydrate. This is due to the contribution of two
strong HB between water and flavin molecules. Furthermore, graph set notation analyses
display the complexity of the hydrogen-bonded motifs building up HB chains that enclose
two hydrogen-bonded rings and further ring-motifs involving water molecules, which
contribute to the close interaction of the flavin layers in the crystal structure. Here, AIM
calculations show binding energies of up to —30 k] /mol, being considerably predominant
compared to HBs of —19.34 k] /mol in pure R. The second lowest lattice energy is attributed
to the ternary R:AcOH:H» O system, which in absolute values is to be set between R:AcOH
and R:3H;0. Again, this is in agreement with our experimental observations and could
offer an explanation for the failed attempts to reproduce the structure. Since the energetic
benefit from R:3H0 is significantly higher than in R:AcOH, the hydrate formation is
thermodynamically preferred. Nonetheless, the ternary system can be an intermediary
product in a reorganization process from a first step acetic acid solvate formation towards
the building of the hydrate. As a result, the intermediary product is then accessible in
randomized occasions, but solely as a side product.

On the other hand, from TG analyses we observed a strongly shifted decomposition
point of the chromophore towards lower temperatures in the hydrate at 288 °C when
compared to that of R at 350 °C. While R:AcOH is not significantly altered at this point,
R:HCOOH shows a significantly higher decomposition temperature for the R component at
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371 °C. The thermal stability of R in the solvate systems with Tr(R:HCOOH) > Tr (R:AcOH)
> Tr(R:3H,0) nearly counterpose order derived from Ej,;. We suggest that the structural
alteration in the hydrate may be of such significance that an optimized reorganization of the
flavin molecules after solvent vaporization is hindered, resulting in earlier decomposition.
In addition, the strongest hydrogen bonds formed between water and flavin molecules
are at once missing after the water release. On the other hand, the chromophore may
rearrange to an even more stable arrangement when the formic acid components evaporate,
resulting in a later decomposition point. This might be due to the initial arrangement of
stacked flavin units in the R:IHCOOH crystal lattice differing significantly from those of
the other compounds. From the one side, R:HCOOH is the only solvate structure in which
the R-R amide-amide dimer remained intact, and, on the other side, the only one where
flavin molecules are not inversely stacked. While this could be the cause of the higher
calculated Eot due to a positive electrostatic component (see Table S5 in ESI for the detailed
information of the components of Ey), the molecular rearrangement after the thermal
activation may cause altered agglomeration of flavin stacks.

5. Conclusions

Within the scope of crystal engineering, challenges arise when solvate systems are
considered. Often solvates and hydrates are an unwanted by-product in the experimental
setting, yet these multicomponent systems can provide valuable insight into the inves-
tigated compounds. Here, we took a deeper look into the structural and energetic envi-
ronment of three solvates as well as one hydrate of roseolumiflavin. These compounds
display interesting features when compared to the flavin, not only from the crystallographic
perspective, but based on observations on thermal properties as well. Previous research
assumed that the hydrogen-bonded dimeric motif between two adjacent flavin units in
roseolumiflavin provides significant benefits in terms of stability, next to the 7- - - 7 stacking
interactions. While the latter is present in all solvate systems, the former is replaced by
hydrogen-bonded motifs with the respective solvent molecules in all but the R:HCOOH
structure. Energetic calculations of pairwise molecular interactions underline the strength
of cofacial 7 - - 7 stacking, followed by the offset stacks. Hence, stacking interactions
remain the most important driving force in the formation of R and its solvate structures.
HBs are energetically considerably outnumbered in average by —40 to —70 kJ/mol. How-
ever, confirmed by AIM calculations, high binding energies of single hydrogen bonds in
combination with the large overall number of such interactions seem to be able to promote
the formation of new phases. The significance of energetic benefits is also evident in the
calculated lattice energies. While R:HCOOH provides a more stable lattice by only ca.
—16 kJ /mol when compared to R, the lattice energy of R:3H>Q is more than twice as low as
the pure flavin. And yet, the experimental observations show that from a thermal behaviour
aspect, the hydrate leads to significantly earlier decomposition of the chromophore, while
the presence of the formic acid component delays the decomposition of R by around 20 °C.
To conclude, calculations on the theoretical level based on single crystal structures along
with the careful examination of the interaction modes can provide valuable inputs into the
crystal architecture and allows a detailed description of its topologies. A reliable prediction
of tuneable physicochemical properties, however, remains challenging not least due to the
complexity and versatility of roseolumiflavin systems.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13101512/s1, Figure S1: Comparison of IR spectra of RRHCOOH,
R:AcOH, R:3H,0 with R. Characteristic bands are highlighted; Figure S2: Experimental powder
pattern of R:AcOH compared to simulated patterns of R:AcOH and adjusted simulated pattern for
consideration of preferred orientation from single crystal data; Figure S3: Experimental powder
pattern of R:3H,0 compared to simulated pattern from single crystal data; Figure S4: Experimental
powder pattern of RRHCOOH compared to simulated pattern from single crystal data; Figure S5:
Asymmetric unit of R:HCOOH. View along the crystallographic a-axis; Figure S6: Asymmetric unit
of R:AcOH. View along the crystallographic a-axis; Figure S7: Asymmetric unit of R:3H;0. View
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along the crystallographic a-axis; Figure 58: Asymmetric unit of R:AcOH:H,0. View along the
crystallographic a-axis; Table S1: Geometries of hydrogen-bonded interactions of R:AcOH; Table S2:
Geometries of hydrogen-bonded interactions of R:3H,O; Table S3: Geometries of hydrogen-bonded
interactions of R:AcOH:H;O. Table S4: Geometries of hydrogen-bonded interactions of R:-HCOOH;
Table S5: Crystal Explorer model interaction energies calculations, overview of strongest molecular
interaction energy contributions in 3.8 A cluster on central flavin unit with verbose parameters.
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Figure S1: Comparison of IR spectra of R:HCOOH, R:AcOH, R:3H:0 with R. Characteristic bands are highlighted.

In comparison to R, for R:AcOH a new broad band at 3428 cm™' appears which likely

originates from O—H stretching vibration and overlaps the high N-H stretching band of pure R
at 3380 cm . Likewise, the band at 3207 cm ' may be caused by intermolecular bonded O—H
group. The amide C=0 vibration at 1644 cm™" is blue-shifted by +11 cm™" while the band at
1689 cm™' remains unmodified. Strong blue-shifts for the C—H vibrations at 2811 cm™' by
+12 em ' and the NC—H vibration at ca. 3030 cm ™' by ca. +36 cm™! evince noticeable effects
on the methyl group bonds.

R:3H;0 contains slightly blue-shifted C=0 vibrational bands by 4 to 5 cm', the N-H
stretching bands are unaltered. The NC—H hydrogen stretching band at 2804 ¢cm ! is blue-
shifted by +5 cm™', so are the bands for C—H vibrations at 3070 cm™' by +7 cm™" and 2995 cm ™
by +11 cm™!, indicating substantial increase in bond strength in the new packing environment.
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The spectrum for R:HCOOH displays a broad band at 3341 c¢m ' representing the O-H
vibration band of the solvent molecule. Here, the N-H stretching vibrational mode of the imide
group at 3159 cm™' is overlapped by it. The broad band at 3015 cm™' is likely caused by C-H
stretching vibrations of the R methyl groups, blue-shifted by +26 cm™'. Also, the C=0
stretching bands of the imide group at 1694 cm™! and 1643 cm™' are blue-shifted by +5 cm™
and +10 cm™, respectively. At 1668 cm™' a new band arises, which is to be identified as the
C=0 stretching mode of the acid unit.

Simulated PXRD patterns

—— R:AcOH (sim.)
—— R:AcOH (sim.), pref. or.

— R:AcOH

rel. intensities (offset)

10 20 30 40 50
20 [°]

Figure S82: Experimental powder pattern of R:AcOH compared to simulated patterns of R:AcOH and adjusted simulated
igure S2: Ex powder ) _ r / )
pattern for consideration of preferred orientation from single crystal data.
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rel. intensities (offset)
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Figure 83: Experimental powder pattern of R:3H>0 compared to simulated pattern from single crystal data.

rel. intensities (offset)

—— R:HCOOH (sim.)
— R:HCOOH

30
20[7]

40 50

Figure 84: Experimental powder pattern of R:HCOOH compared fo simulated pattern from single crystal data.
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Crystal structures of R:AcOH, R:AcOH:H:0, R:3H20 and R:HCOOH

H28A H28B

Figure 85: Asymmetric unit of R:HCOOH. View along the crystallographic a-axis.

Figure S§7: Asymmetric unit of R:3H20. View along the crystallographic a-axis.
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Figure S8: Asymmetric unit of R:AcOH:H:0. View along the crystallographic a-axis.

Overview of the hydrogen bonds

D-H---A D-H [A] H--A [A] DA [A] D-H--A [°]
N1-H1---04 0.94(3) 1.95(3) 2.879(2) 170(3)
03-HY---02 0.88(4) 1.72(4) 2.596(2) 173(4)
C6-H2:--01 0.95(2) 2.53(2) 3.472(3) 172(2)
(intra) C11-H4A---N3 0.96(2) 2.20(2) 2.725(3) 112.8(18)
C16-H8B---02 0.95(3) 2.47(3) 3.420(3) 173(3)
Table 51: Geometries of hvdrogen bonded interactions of R:AcOH.
D-H---A D-H[A] H--A[A] D-A [A] D-H---A [°] A-H:-A[°]  Sum(XY,YZ)
N2-H1---05 0.99(6) 1.78(6) 2.774(5) 174(6)
03-H4---04 0.83(4) 2.06(4) 2.887(4) 176(4)
03-H5:--04 0.93(5) 1.91(5) 2.833(5) 172(4)
04-H6-+"N3 0.77(7) 2.29(7) 2.981(5) 151(7)
04-H7---01 0.79(5) 2.00(5) 2.759(4) 160(5)
05-H8:-01 0.89(6) 1.87(6) 2.752(4) 168(5)
05-HY---03 0.89(5) 1.95(5) 2.805(5) 161(4)
C11-H11A---N3 0.98 252 3.429(6) 154
(intra) C11-H11A-::N3 0.98 233 2.698(5) 101" 99" 354
Table S2: Geometries of hydrogen bonded interactions of R:3H:>0.

D-H--A D-H [A] H-A [A] D---A [A] D-H--A [°]
01-H1---05 1.02(3) 1.54(3) 2.5483(19) 170(3)
N3-H3.--02 0.91(2) 2.05(2) 2,952(2) 173.1(15)

05-H21---03 0.831(12) 2.066(14) 2.8608(17) 160(2)
05-H22---04 0.835(16) 1.881(16) 2.7077(18) 170.5(19)
C13-H7---04

(intra) C13-H8:--N4 0.98 2.58 3.461(2) 150
C17-H18---03 0.98 2.26 2.723(2) 108
C15-H23---01 0.98 2.52 3.386(2) 147
C6-H111---04 0.949(18) 2.406(18) 3.352(2) 175.4(13)

Table S3: Geometries of hydrogen bonded interactions of R:AcOH:H 0.
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D-H-A D-H [A] H-A [A] D--A [A] D-H--A [°]

N2-H2---06 0.95(8) 1.91(T) 2.828(6) 163(6)

03-H3.--01 0.89(12) 1.78(12) 2577(5) 148(9)

N7-H7---02 0.92(7) 1.86(8) 2.768(6) 175(7)
0O7-H7A---05 0.82 1.8 2.598(6) 165
C11-H11A--N3 0.96 225 2.719(7) 109
C26-H26C---N8 0.96 2.32 2.694(7) 102

Table 54: Geometries of hvdrogen bonded interactions of R:HCOOH.

Lattice Energy and AIM calculations

The lattice Energy Eiat was calculated following the equation (1)

%_EEisg,n (1)
Z zZ'

Epgr =
where Ei. represents the lattice energy, Eiss the ideal static solid energy, Eise the ideal static
gas energy for each molecule, as well as Z and Z’ the respective crystallographic parameters.

The binding energy (BE) in kcal/mol for neutral HBs based on the electron density at the BCPs
can be estimated via following equation (2) provided by Emamian et al. [33]

BE = —223.08 x p(rscp) + 0.7423 (2)
With the electron density p in a.u. provided by the MultiWFN program package [22].

81



Crystal Explorer molecular interaction energies

Crystal Explorer model interaction energies calculations
Structure
N Sym.op. Eele Epal Eais Erep Etat
x+1/2,
2 Y2, 2412 -23.7 -12.9 -21.9 258 =377
R

1 X, -y, -Z -45.6 -10.1 -116.9 71.5 -113.4
1 X, -y, -Z -56.1 -11.8 -122.3 76.8 -127.1
1 X, -y, -Z -70.8 -20.8 -14 95.5 -434
1 X, ¥, 2 -103.6 -24.4 -13.4 125.1 -62.0
1 X, -y, -Z -44.9 -11.7 -108.7 66.0 -110.0
1 X, -, -Z -30.1 -1.6 -56.8 35.6 -64.9
R:AcOH 1 X, -y, -2 34.8 118 -59.9 44.1 705
2 2-x, 1=y, 1-z -21.6 -12.0 -21.9 26.0 -347
1 X, Y. 2 -41.0 -8.9 -8 35.6 -34.8
1 1-x, 1-y, 2-z -269 -5.4 -6.1 249 -224
1 1-x, 0.5+y, 1.5-z -48.8 -9.9 -5.4 572 -283
R:AcOH:H:0 1 X, -y, -Z -27.6 -8.6 -66.4 37.1 -70.5
1 X, -y, -Z -53.4 -11.1 -113.6 76.6 -116.3

X,
2 -y+1/2, -20.0 -10.3 -14.0 16.1 -30.9

z+1/2
1 X, -y, -Z -44.8 -9.2 -98.8 57.8 -104.6
1 X, -Y, -Z -47.5 -9.8 -105.3 62.3 -110.7
2 X, ¥, 2 -18.3 -9.7 -16.4 13.2 -32.6
R:3H:0 1 Xy, -1tz -45.2 -10.3 -5.5 44.9 -32.4
1 X, I+y, -1+z -42.0 -9.7 -5.7 51.0 -25.1
1 1-x, 1-y, -z -42.1 -8.8 -4.1 45.7 -26.5
1 1-x, 1-y, -z -20.0 -8.3 -10.4 29.7 -18.0
1 X, ¥, 2 -71.0 -20.7 -143 99.2 -41.6
2 A 25. -9.8 -114.2 70.0 -36.

R:HCOOH kit >3 363

X,
2 y+1/2, -25.8 -10.3 -15.7 249 =332

-z
1 XYz =753 -19.1 -12.5 74.6 -58.5

Table §5: Crystal Explorer model interaction energies calculations, overview of strongest molecular interaction energy
contributions in 3.8 A cluster on central flavin unit with verbose parameters.

The scale factors used in Crystal Explorer molecular interaction energy calculations for CE-
B3LYP (B3LYP/6-31G(d,p) electron densities are: kele=1.057, kpor=0.74, kdisp=0.871 and
krep:0.618.
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4.3. Tuning Molecular Assembly and Optical Properties Vvia
Cocrystallization: A Case Study of Roseolumiflavin in Binary and

Ternary Multicomponent Systems

Takin Haj Hassani Sohi, Lea Pongratz, Felix Maal3, Sarah Merzenich, Laura

Samperisi, Constantin Czekelius, Vera Vasylyeva

DOI: 10.1021/acs.cgd.5¢c01261

Cryst. Growth Des., 2025, 25, 24, 10482—-10496

Reproduced with permission from Ref.?8”. 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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ABSTRACT: Extending our previous work on cocrystallization of roseolumiflavin

(R), the rational design approach with various N-heterocyclic coformers has been e 0 @
explored to systematically tune photophysical properties of the chromophore. A

series of binary and, for the first time, ternary flavin cocrystals was systematically

synthesized and analyzed with particular focus on the modification of @

spectroscopic behavior. Structural analyses based on obtained single crystal data

reveal distinct molecular packing patterns, with binary cocrystals maintaining

either face-to-face or slipped stacking motifs, while ternary systems demonstrate
acid-mediated protonation effects and modified #-stacking arrangements. The

original hydrogen-bonded R dimer is replaced by a donor—acceptor—donor (DAD) motif and, in the case of the ternary systems,
further stabilized through hydrogen bonds with acid molecules. The structural modifications directly correlate with the
photophysical behavior, as all cocrystals exhibit blue-shifted fluorescence relative to R. The most pronounced influence on the
spectral behavior occurs in ternary cocrystals with the emission band shifts of up to 158 nm. This work expands on to this date
scarcely available knowledge of flavin cocrystallization and highlights the role of hydrogen bonding, stacking interactions and
coformer selection in fine-tuning its optical properties.

1. INTRODUCTION to its role in the formation of multicomponent crystals like
solvates and cocrystals—8-(dimethylamino)-7,10-
dimethylbenzo[g]pteridine-2,4(3H,10H)-dione, in the follow-
ing referred to as roseolumiflavin (R), has been the subject of
recent scientific research. Thus, this deep red isoalloxazine

Organic cocrystals, in the context of photoactive materials,
offer a promising avenue for enhancing targeted properties of a
compound. By integrating different molecular components into
a single crystalline structure through intermolecular inter-

actions, cocrystals can exhibit a photophysical behavior that derivative may be an appealing candidate for studies examining
surpasses that of individual components while advantageous the spectrum of tunability in the context of crystal engineering.
characteristics in the design process such as low-cost syntheses Our group has previously examined the potential of rose-
or high!y flexible tunability facilitate reasonable interest in this olumiflavin to cocrystallize with diffi:rent coformer partners,
field. ~" Crystal engineering enables the design of novel leading to varying optical properties.” Specifically, cocrystals
cocrystals with tailored photophysical properties by utilizing of roseolumiflavin have demonstrated blue-shifted fluorescence
intermolecular interactions, such as -7 stacking® and emissions in comparison to the near-infrared emission of the
hydrogen bonding-" These various capabilities make cocrystal- pure compound. This hypsochromic shift in fluorescence has
lization an attractive route for improving the performance of been attributed to the different degrees of molecular packing
Ph‘_’t(’ﬁl“’:tional_ materials I"sEIUT"tEd in reﬁir:gstudie‘s on or'ga.nic within the crystal structures, which could be strategically
solid-state lummophmesitm sensors, " or light-emitting manipulated through crystal engineering techniques. Further,
devices such as OLEDs.”""" For instance, a recent study by in our study in 2023 we analyzed the structural and energetic

Zhang et al. reported the formation of organic cocrystal alloys
based on three light-emitting donor—acceptor systems that
enable full-color emission and white light generation through
composition-controlled stacking arrangements.”” These sys-
tems also exhibited circularly polarized luminescence, high-
lighting the relevance of supramolecular control in designing
functional optoelectronic materials.

Due to its particular photophysical characteristics and
structural versatility—both in its pure form and in relation

stability of various solvates which roseolumiflavin is prone to
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Scheme 1. Molecular Structures of R, Selected Coformers 2,4-Diaminopyrimidine (1), 2,4-Diamino-1,3,5-triazine (2), 2,4,6-
Triaminopyrimidine (3), 2,4,6-Triamino-1,3,5-triazine (4) As Well As Acetic Acid (A) and Formic Acid (F) Acting as Third

Components
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form in crystalline state.” Energetic evaluations, e.g,, via lattice
energy calculations, have indicated that these solvates possess
substantial energetic advantages, enhancing their phase
stability. These studies are meant to disclose roseolumiflavin’s
characteristics and behaviors with regards to structural and
optical properties. Yet, while previous studies have provided a
general overview of roseolumiflavin and its chemical behavior,
we aim to take a new approach to selectively achieve color
changes through strategic selection of the coformer, which in
recent past has been shown to affect oEticaI or photophysical
behavior of the respective cocrystal.'”*” ** Another aspect of
today’s chemistry, or rather, the general modern society is the
challenge of reducing waste and the approach toward
sustainable alternatives to conventional methods. Recent
advances toward green chemistry garnered attention on
mechanochemical synthesis.”” ™' Among the available techni-
ques, mechanochemistry offers an efficient, solvent-free and
environmentally friendly approach for the preparation of
organic materials.”” In addition, mechanochemical reactions,
typically driven by grinding or milling, easily enable the
formation of cocrystals under mild conditions, significantly
shortened reaction times and reduced waste by waiving the
need for bulk solvents.**~*

The present work is concerned with an environmentally
benign systematic rational design approach to cocrystallize
roseolumiflavin with the objective to obtain photoactive solid-
state materials with desired emission band properties depend-
ing on the selected coformer compound. For this, control over
the emission spectra is achieved by careful preselection of
respective derivatives of said coformer. Expanding on our
previously gathered knowledge and, based on the rose-
olumiflavin:2,4-diaminopyrimidine cocrystal reported in
2022, a set of amino-substituted simple N-heterocycles
were selected for further cocrystallization experiments
(Scheme 1).

The heterocycle derivatives are selected due to several
reasons. On the one hand, increasing the number of N atoms
in the ring framework from a pyrimidine- to a triazine-ring
leads to a more localized overall electron density inside the
ring. This results in tuning of the hydrogen-bond acceptor
capacity as well as alteration of potential stacking interactions.
On the other hand, the amine substituents on the heterocycles
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are varied to systematically investigate and optimize the
chemical and physical properties of the compounds as well as
to promote further intermolecular interaction motifs. Addi-
tionally, implementation of organic acids as a third component
can enhance an overall electronic density distribution via
protonation of the system and thus contribute to structural
and/or physicochemical alteration. Two moderately strong
proton donors, formic acid (F) and acetic acid (A), were
chosen as simple model compounds. Based on the differences
of the pK, values being in the range 0—3 for all combinations
of acids with R and coformers, a formation of an intermediate
multicomponent system somewhere on a salt/cocrystal
continuum®” might occur. In the case of a proton transfer
from the acid to either a coformer or the chromophore
molecule, molecular assembly will be additionally stabilized
through charge-assisted hydrogen bonds.

To provide further insight into the bonding characteristics,
topological analyses of the electron densities based on the
crystal structures are carried out within the framework of
Bader's quantum theory of atoms in molecules (QTAIM).™
To qualitatively assess noncovalent interactions (NCI), in this
study mainly to identify the stacking modes, respective NCI
analyses are conducted with the NClplot program package.*’
These complementary approaches enable a detailed descrip-
tion of the electron density features and interaction types
contributing to crystal stability. Performed multifaceted
analysis will add to a deeper understanding of the
intermolecular interactions’ contribution on structural and
photophysical characteristics of the respective cocrystals and
allow a control of targeted properties by rational selection of
the coformer in future.

2. MATERIALS AND METHODS

2.1. Mechanochemistry. For syntheses, a liquid assisted grinding
(LAG) approach, ie., grinding with a small amount of liquid, was
employed, as during initial investigations we found the absence of a
liquid did not initiate the cocrystallization process. In fact, all but one
system could be synthesized via a mechanochemical approach, with
the exception being R:3:F which could only be obtained in pure
phase via a classic crystallization from a solvent. All obtained products
were analyzed via PXRD and IR-Spectroscopy (Tables $1—519 in SI)
to confirm new phase formation and purity.

https://doi.org/10.1021/acs.cgd.5c01261
Cryst. Growth Des. 2025, 25, 10482-10496
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2.2, Synthesis of Roseolumiflavin and Multlcompunent
Systems. Roseolumiflavin was prepared as reported previously.” 1
(>98%) was purchased from BLDpharm, 2 (>98%) and 3 (>98%)
from TCI, 4 (>99%) from Acros Organics. A (>99%) and F (>98%)
were purchased from Sigma-Aldrich and Methanol (>99%) from
Fisher Scientific. All chemicals were used without further purification.

In contrast to the LAG, single crystal growth under various
conditions proved challenging. For most multicomponent systems,
crystallization from solution resulted in small, ultrathin platelets of
extremely poor diffracting quality. For samples R:1:A, R:1:F and
R:2:A no single crystals of suitable quality could be obtained.
Attempts to synthesize R:2:F and R:4:F systems under different
mechanochemical and solution-based conditions were unsuccessful,
yielding only mixed-phase materials without any evidence of new
crystalline phases.

2.2.1. Roseolumiflavin (R) and Roseolumiflavin:2,4-diaminopyr-
imidine (R:1). R and R:1 were synthesized following the procedure
described in our previous work.™

2.2.1.1. R:1:A—Roseolumiflavin:2,4-diaminopyrimidine:acetic
acid. In a similar procedure to R:1, 15.32 mg (53.7 umol) R and
5.94 mg (53.9 ymol) 1 were mixed in a 1:1 ratio and ground in a ball
mill for 25 min at 15 Hz with excess amounts of 50 uL A (0.874
mmol). A new phase is given as an orange powder. Single crystals
suitable for X-ray analysis could not be obtained. PXRD/°26: 8.04,
11.40, 12.39, 16.20, 20.90, 26.30; IR/cm™': 3159, 3072, 2988, 2803,
1690; TGA/°C: 118, 258, 335; Solid-state spectroscopy: Agyma =
590 nm, Apg e = 545 nm.

2.2.1.2. R:1:F—Roseolumiflavin:2,4-diaminopyrimidine:formic
acid. 17.52 mg (614 pumol) R and 6.75 mg (61.3 umol) 1 were
combined in a 1:1 molar ratio ground in a ball mill for 25 min at 15
Hz with excess amounts of 50 L F (0.967 mmol) to give orange-
reddish powder. No single crystal structure of this system could be
obtained. PXRD/°26: 11.12, 11.35, 12.17, 13.17 17.20, 22.34, 22.82,
26.60; IR/cm™': 3316, 3133, 2991, 2806, 1690, 1673, 1625; TGA/°C:
102, 255, 310; Solid-state spectroscopy: Apg e = 596 N, Apy =
542 nm.

2.2.1.3. R:2—Roseolumiflavin:2,4-diamino-1,3,5-triazine. 16.06
mg (56.3 ymol) R and 6.25 mg (56.4 gmol) 2 were mixed in a 1:1
molar ratio and ground in a ball mill for 25 min at 15 Hz via LAG
with 10 gL methanol. The product then was put into methanol to
evaporate over several days. This process yielded light red plate
crystals in 1:1 ratio for SCXRD measurements. CCDC No. 2482925.
PXRD/°26: 6.12, 11.58, 12.44, 25.34, 27.70; IR/cm™": 3433, 3305,
3123, 2990, 2807, 1686, 1642; Solid-state spectroscopy: Agy, ., = 646
nm, Ag, . = 583 nm

2.2.14. R:2:A—Roseolumiflavin:2,4-diamino-1,3,5-triazine:ace-
tic acid. 18.18 mg (63.8 umol) R and 6.78 mg (61.2 pmol) 2 were
mixed in a 1:1 molar ratio and ground in a ball mill for 25 min at 15
Hz with excess amount of 50 gL A (0.874 mmol) to result in an
orange microcrystalline product. No single crystals could be obtained
for SCXRD analysis. PXRD/“28: 6.55, 9.13, 13.71, 19.75, 26.48,
27.72; IR/em™": 3584, 3434, 3373, 3131, 2975, 2787, 1656, 1631;
TGA/°C: 119, 235, 335; Solid-state spectroscopy: Agg, . = 617 nm,
g = 575 nm.

2.2.1.5. R:3—Roseolumiflavin:2,4,6-triaminopyrimidine. 4.90 mg
(17.2 pmol) R and 1.13 mg (9.0 gmol) 3 were combined in a 2:1
ratio in a ball mill for 25 min and 15 Hz via LAG with 10 uL
methanol. The product was put in methanol for slow evaporation,
producing clear red plate-shaped crystals at room temperature and the
single crystal structure yielded a cocrystal in a 2:1 ratio. CCDC No.
2482923, PXRD/°20: 6.20, 11.14, 12.34, 13.44, 15.40, 26.72, 27.84.;
IR/em™": 3335, 3196, 2945, 2744, 1690, 1637; Solid-state spectros-
COPY: Apmmax = 668 nm, Ap, .. = 622 nm.

2.2.1.6. R:3:A—Roseolumiflavin:2,4,6-triaminopyrimidine:acetic
acid. This ternary system was synthesized by mixing 18.85 mg (66.1
pmol) R and 8.21 mg (65.6 gmol) 3 in a 1:1 molar ratio in a ball mill
for 25 min and 15 Hz with excess amount of 50 xL A (0.874 mmol).
Yellow crystalline plates of a 1:1:2 ratio crystal structure were
obtained through slow evaporation from methanol at ambient
temperature. CCDC No. 2482923. PXRD/"26: 11.94, 12.88, 24.14,
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26.82, 27.46; IR/cm™": 3312, 3149, 2996, 2797, 1688, 1662, 1645;
Solid-state spectroscopy: Agyme = 585 nm, Ag, . = 556 nm.

2.2.1.7. R:3:F—Roseolumiflavin:2,4,6-triaminopyrimidine:formic
acid. 17.23 mg (60.4 pmol) R and 7.50 mg (60.0 gmol) 3 in a 1:1
molar ratio were ground in a ball mill for 25 min and 15 Hz with
addition of excess amounts of 50 gL F (0.967 mmol). A solution of
the product was prepared in methanol. Upon slow evaporation, the
solution yielded yellow plate-like crystals in 1:1:2 ratio. CCDC No.
2482922, PXRD/°20: 11.92, 12.78, 14.16, 24.34, 26.98, 27.38, 28.42;
IR/em™": 3376, 3166, 3070, 2954, 2924, 2805, 1700, 1663, 1642;
Solid-state spectroscopy: Apy, my = 581 nm, Ag, . = 560 nm.

2.2.1.8. R:4—Roseolumiflavin:2,4,6-triamino-1,3,5-triazine.
24.14 mg (84.6 ymol) R and 5.67 mg (48.8 umol) 4 were ground
in molar 2:1 ratio in a ball mill for 25 min and 15 Hz via LAG with 10
pL methanol. The microcrystalline, light red product was measured
via electron diffraction (ED) to gain the respective crystal structure
data (2:1). CCDC No. 2482849. PXRD/°20: 6.90, 12.50, 13.14,
23.22, 24.98, 26.28; IR/cm™': 3332, 3196, 1684, 1633; Solid-state
Spectroscopy: Ay ma = 657 nm, gy, = 582 nm.

2.2.1.9. R:4:A—Roseolumiflavin:2,4,6-triamino-1,3,5-triazine:-
acetic acid. A ternary system of R, 1,3,5-triazine-2,4,6-triamine and
acetic acid was formed by mixing 19.21 mg (67.3 ymol) R and 8.56
mg (67.9 pmol) 4 in a 1:1 molar ratio in a ball mill for two times 25
min at 15 Hz with excess amount of 50 uL A (0.874 mmol). The
product was put in dimethyl sulfoxide and the solution evaporated
slowly at room temperature, yielding orange plate-like crystals of a
1:1:2 R:4:A crystal structure. CCDC No. 2482924, PXRD/°28:
11.10, 11.66, 13.66, 26.70, 28.14. IR/cm™": 3471, 3418, 3273, 3132,
2802, 1702, 1662; Solid-state spectroscopy: App ma = 375 nm, Agy o
= 539 nm,

2.3, Solid-State Spectroscopy. Solid-state photoluminescence
excitation and emission spectra were acquired on an Edinburgh FS5
spectrometer equipped with a 150 W CW ozone-free xenon arc lamp,
a Czerny—Turner monochromator with plane gratings and a
thermoelectrically cooled PMT-900 detector operated in single-
photon counting mode. To reduce unwanted stray light, optical filters
were placed between the sample and the detector. In samples R:l,
R:2, R:3, R:1:F and R:3:F, the low fluorescence intensity made it
difficult to fully suppress light originating from higher diffraction
orders of the monochromator. These contributions manifest as
residual peaks in the emission spectrum, observed at 765 nm. For the
excitation spectra and emission spectra of R:3, R:1:A and R:3:A, a
FLS1000 photoluminescence spectrometer from Edinburgh Instru-
ments was used. It is equipped with a 450 W Xe arc lamp for
excitation, double excitation and emission monochromators in
Czerny-Turner configuration and a thermoelectrically cooled (—20
°C) photomultiplier tube PMT-980 (Hamamatsu). The emission
spectra were corrected with respect to the grating efficiency and PMT
sensitivity, while excitation spectra were additionally corrected with
respect to the lamp intensity. It is to be noted that the emission bands
of multicomponent systems have been cut off at 800 nm wavelength
mark, as due to second order diffraction residual peaks arise in the
range of 815 to 850 nm. The full emission band profiles are available
in SI (Figure S22). The chromaticity coordinated (x,y) in the CIE
1931 color space were calculated by the OriginLab Chromaticity App
implementation"’ based on emission spectra recorded for the
crystalline samples.

2.4. Topological Analyses and Bond Strength Evaluation.
QTAIM and NClplot analyses were performed using the MultiWFN
software (version 3.8)"""* based on electron density data obtained
from single-point calculations at the B3LYP/6—31G** level of
theory."*™"" The wave function files were generated via Gaussian 16"
and topological parameters such as bond critical points (BCPs) or
electron density p(r) were extracted to assess the nature and strength
of hydrogen bonding interactions. The presence of a (3, —1) critical
point between donor and acceptor atoms along with its characteristic
electron densities, served as indicators for the existence of
intermolecular hydrogen bonds. Based on the model proposed by
Emamian et al. in 2019"" the obtained electron densities are
converted into binding energies (BE). The reduced density gradient

https://doi.org/10.1021/acs.cgd.5c01261
Cryst. Growth Des. 2025, 25, 10482-10496



Crystal Growth & Design

pubs.acs.org/crystal

A 1 ,‘1‘ A
A \ A A AN\ " ad N R:4:A
_ﬂ R:4
5 e )\J\.k_,_ J\A R3) 5
s s
£ z
0 R:2 a
s g
s £ Ri1F
R:1
R:1A
l A ll_,. A I PO R J 1 A A A R
T T T T T T T T T T
5 10 15 20 25 30 35 5 10 15 20 25 30 35
20 /° 20/°

Figure 1. Comparison of powder diffraction (20 °C, 5—35 2theta) patterns of R with all obtained binary (left) and ternary phases (right).

(RDG) was computed and analyzed to obtain insight about
noncovalent interactions between stacking motifs. Isosurfaces were
generated with an isovalue at a cutoff of 0.6 and visualized using
VMD," where weak attractive interactions appeared as green regions
between rings. The sign of the second eigenvalue 4, of the Hessian
matrix of 2(r) was used to distinguish between attractive and repulsive
interactions. Basic structural motifs (BSMs) within the crystal
structures were manually identified using Mercury50 and verified
through topological analysis of supramolecular synthons.

2.5. X-ray and Electron-Diffraction. Powder X-ray diffraction
(PXRD) measurements were performed on a Rigaku Miniflex
diffractometer in 0/20 geometry using Cu—Ka radiation (4
1.54182 A) room temperature, with a step size of 0.0100° and a
scanning speed of 5.0°/min. For single-crystal X-ray diffraction
(SCXRD) suitable crystals were mounted on cryo-loops and data
collected Rigaku XtaLAB Synergy-S diffraction system with a HiPyx
6000 detector and Cu—Ker radiation (4 = 154184 A) at 100.0(2) K
for R:2, R:3, R:3:A, R:3:F and 293(2) K for R:4:A. Data collection,
refinement and reduction were processed using CrysAlisPro.”"
Numeric absorption correction is performed using a multifaceted
crystal model. The structures were solved via ShelXT** and refined
using ShelXL* in conjunction with the Olex2 software suite.”* All the
non-hydrogen atoms were refined with anisotropic displacement
parameters, and the hydrogen atoms were refined experimentally.

For the 3D electron diffraction (3D ED) measurements, R:4
crystals were deposited on a transmission electron microscopy (TEM)
grid. 3D electron diffraction (3D ED) data were collected at room
temperature on an ELDICO ED-1 electron diffractometer. The device
is equipped with a LaBy source operating at an acceleration voltage of
160 kV (4 = 0.02851 A). For the data collection and initial data
assessment, the software Eldix was used. Crystals were located and
centered in scanning transmission electron microscopy (STEM)
imaging mode using a single diode brightfield detector and 3D ED
data were collected in diffraction mode (parallel beam, beam size of
approximately 700 nm) with a hybrid-pixel detector (Dectris
QUADRO). 3D ED data collection was performed under continuous
rotation with an angular step of 1° per frame and an exposure time of
1 s per frame. Data were collected over a large tilt range (—60° to
+60°). 3D ED data were recorded with a diffraction resolution of ca.
1.1 A. A total of eight data sets from eight individual crystals were
collected. Data processing, evaluation and merging were done using
the APEX4 software ]mcl-:age.qz The 3D ED data were indexed,
integrated and merged using the APEX4 software package. Unit cell
and space group resulted consistent among all the collected data sets.
After unit cell determination, the 3D ED data were searched for
additional domains and the frames were integrated and corrected for
Lorentz effects, scan speed, background and absorption using
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SAINT®® and SADABS.”” Data from two individual crystals diffracting
at highest resolution were merged. The resulting completeness of
94.5% allowed successful structure determination and stable refine-
ment. Structure solution from the 3D ED data was carried out using
ShelXT*** and structure refinement was carried out using ShelXL
integrated in the ShelXle® software. In the refinement calculations,
atomic scattering factors and wavelength for electrons were used.
Least squares refinement was carried out within the kinematical
approximation by minimizing the function Fw(Fo,® = Foyl)? with
the ShelXL weighting scheme and using neutral electron scattering
factors provided within the ShelXle software. Refinement of non-H
atoms was carried out using anisotropic atomic displacement
parameters, while H atoms were added subsequently with a riding
model. The hydrogen atom at O5 in R:3:F and at 06 in R:4:A was
fixed during refinement. PLATON for Windows was used to extract
bonding information from crystal structure data.’” Absorption
corrections (Gaussian or analytical, as implemented in CrysAlisPro)
were applied based on crystal morphology, selecting the method
yielding optimal refinement results.

2.6. Infrared Spectroscopy. Fourier-transform infrared (FT-IR)
spectra were obtained using a Bruker Tensor 37 spectrometer with an
ATR unit at room temperature (25 °C), covering functional group
identification and analysis of characteristic vibrational modes.

2.7. Thermogravimetric Analysis. Thermogravimetric analysis
(TG) was performed for samples R:1:A, R:1:F and R:2:A on a
Netzsch TG 209 F3 Tarsus with 10 K/min in a temperature range
from 30 °C-600 °C.

2.8. Elemental Analysis. Elemental (CHN) analysis was
performed for samples R:1:A, R:1:F and R:2:A with a Vario Micro
Cube from Elementar Analysentechnik.

3. RESULTS

3.1. Structural Analysis and the Role of Hydrogen
Bonds. One primary goal of our synthesis approach was to
focus on sustainability with the intent to reduce solvent waste,
avoid complex purification processes and pursue effective and
high-yield syntheses. A mechanochemical synthesis thus has
been chosen to gather respective multicomponent products,
recognizing its potential to provide suitable, crystalline
products with minimal environmental footprint.”" A set of
nine new binary and ternary R systems were synthesized and
R:1 revisited. All new phases were obtained via liquid-assisted
grinding, except R:3:F which resulted from slow evaporation
out of methanol. For all obtained bulk microcrystalline
materials powder X-ray diffraction (PXRD) identified a new

https://doi.org/10.1021/acs.cgd.5c01261
Cryst. Growth Des. 2025, 25, 10482-10496
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phase formation different from the starting components.
Overviews of the experimental powder patterns of the binary
systems and the ternary systems, each in comparison to pure R,
are provided in Figure 1. Characteristic peaks are listed under
each compound in Section 2. Comparisons of experimental
data with simulated PXRD patterns obtained from single
crystal data confirm the purity of the new systems (SI Figures
S11-519). R:1:A, R:1:F and R:2:A were structurally solely
characterized by PXRD as no crystals suitable for a single
crystal X-ray analysis could be obtained under various
conditions due to weak diffraction capacity. For these products
infrared spectroscopy, thermogravimetric analysis and elemen-
tal analysis were performed to provide insight into the
molecular composition and corroborate the incorporation of
the acid into the newly formed phase. The thermograms show
a mass loss in three steps corresponding to each three
components and thus suggesting formation of the ternary
systems (see Figures $33—535 in SI). This is in good
agreement with the elemental analysis data (Table $3). The
infrared spectra show changes in the carbonyl stretching region
at approximately 1700 cm™ as well as broadened O-H
stretching bands at 2500—3300 cm™, indicating the presence
of the acid components. These overlap with the existing imide
stretching bands of the flavin, which concurrently appears as a
result of the R:-coformer interaction. Among the observed
spectral changes, the COO™ stretching vibrations represent the
most reliable indicators of the protonation via the acid
component in the crystalline phase, with the asymmetric
stretch appearing at 1550—1610 em™" and the symmetric
stretch at 1380—1430 cm™ (see Figures 85—87 in SI).

A commonly applied guideline to estimate whether the
molecular assembly will result in the formation of neutral
cocrystals or salt-like species is based on the difference of the
components’ pK, values. The resulting ApK, (=pK,(base) —
pK,(acid)) for the binary systems are ApK,(R, 1) = 0.31-0.17,
ApK,(R, 2) = 1.69, ApK,(R, 3) = 0.85-0.73, ApK,(R, 4) =
241 based on the pK, values in water at 20 °C (Table SI in
SI). These fall within the range of the salt/cocrystal continuum
wherein a cocrystal or a salt is not indisputably defined. A
bigger challenge emerges when multicomponent systems with
more than two components are concerned. Here, as per usual
procedure, the two components with highest and lowest pK,
values would be examined, being R and the respective acids.
Yet from the crystal structure data discussed below it is evident
that indeed the coformers are protonated. Thus, all possible
pairwise ApK, combinations were evaluated. In any case, while
the ApK, heuristic (>3 — salt, <0 — cocrystal, 0-3 —
“continuum”) would suggest predominantly ionic behavior for
some pairs, our systems do not uniformly conform to this
prediction. Values obtained from pK, of the coformer and the
respective acids range from near 0 (e.g.,, ApK,(4, A) = 0.40) up
to >3 (e.g, ApK,(1, F) = 3.49-3.63). We therefore use ApK,
as a qualitative guide only; the actual protonation state in the
solid is concluded from crystallographic metrics rather than
from ApK, alone.

Single crystals suitable for SCXRD analysis were obtained
for six following systems: R:2, R:3, R:4, R:3:A, R:3:F and
R:4:A. Phases consisting of two components show a neutral
cocrystal character and are further referred to as binary
cocrystals, similar to R:1. In R:3:A, R:3:F and R:4:A an
observed proton transfer shifts the obtained multicomponent
systems from neutral cocr;/_stals to mixed state phases on the
salt/cocrystal continuum.” No consistent terminology for
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multicomponent crystals containing both salt-like and
cocrystal-like features has yet been established, often described
simply as cocrystals, mixed ionized phases, ionic cocrystals with
incorporated inorganic counterion or as being located
somewhere on the salt/cocrystal continuum depending on
differences of pK, values.””®' ™ Since, within this survey,
strong multiple hydrogen bonds still remain the main force in
the formation of the crystal architecture between neutral and
charged parts, we propose to refer to these ternary systems as
molecular ionic cocrystals.

All obtained crystal structures display alteration of the initial
lattice arrangement of R, consistent with previous findings that
coformers modify the native molecular packing of R, thus,
impacting its structural and optical characteristics. The
structures can be categorized depending on the occurring
hydrogen-bonded motifs.

3.1.1. Binary R:1 and R:2 Cocrystals—Tetrameric Hydro-
gen-Bonded Motifs, R:2 crystallizes in the triclinic space
group P1, with the asymmetric unit consisting of one of each
molecular component (Z 2). The crystal structure is
stabilized by the intended and desired DAD hydrogen bonding
motif with key interactions invelving N—H---N and N—H:--O
hydrogen bonds as described in our prior study.”* The therein
reported structure was likewise resynthesized and compared in
this work, here named R:1.

The intermolecular interactions in R:2 establish a two-
dimensional, nearly planar network between four formula units
in a -R-2-2-R- arrangement along the crystallographic c-axis,
with two 2 units stabilizing this arrangement via N10—H---N7
(2.962(3) A) interactions, reinforcing the crystal lattice. The
hydrogen-bonding pattern demonstrates the key bonding motif
of the cocrystal’s donor—acceptor framework. In fact, this very
pattern is equivalently observable in R:1 that analogously
crystallizes in P1 (Figure 2). The respective DAD motif
features N10—H-O1 2.879(3) A and N9—H--02 2.977(3) A
distances, supported by N3—H:~N6 interactions at 2.900(2)
A. Besides the aforementioned hydrogen bonded tetrameric
motifs, notable additional propagation alongside the crystallo-
graphic b-axis is observable in R:2 via N9—H:--O1 contacts
between the flavin and 2 component at 2.918(3) A, facilitating
a hydrogen-bonded chain-like network. While similar prox-
imity of the amine group of 1 and the R carbonyl group in R:1
is observable, the N9—H--O1 distance of 3.097(4) A implies
weaker interaction.

3.1.2. Binary R:3 and R:4—Trimeric Arrangement. In
continuation of the structural analyses, the focus is set on the
two further obtained crystal structures, R:3 and R:4. R:3
crystallizes in the triclinic space group P1. Again, a three-point
recognition pattern involving the imide group and amine
groups along the c-axis is observed, albeit, with a significantly
different packing pattern. Here, each coformer entity under-
goes two DAD interactions with flavin components from both
sides, essentially resulting in a trimeric motif (Figure 3a). The
N8—H:-N12 interaction has a donor—acceptor distance of
2.893(7) A, or 2.908(8) A for N3—H-~N11, respectively,
emphasizing its role in that particular molecular alignment.
The adjacent amide—amide interactions are quantified by a
N14—H--03 donor—acceptor distance of 2.912(7) A and a
N15—H--04 distance of 2.994(7) A, or N14—-H--O1
(2.842(8) A) and N13—H--02 (2.970(9) A) for the opposing
molecular component. Yet, like R:2, hydrogen-bonded N—H---
O interactions alongside the crystallographic b-axis initiate
chain-like network patterns.

https://doi.org/10.1021/acs.cgd.5c01261
Cryst. Growth Des. 2025, 25, 10482-10496
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Figure 2. Comparison of R:2 (a) and R:l1 (b) with highlighted
structure stabilizing intermolecular interactions. Along the crystallo-
graphic b-axis, the carbonyl group of R and the amine of the coformer
add to increased robustness of the packing, effectively initiating
hydrogen-bonded chains. Viewed from the crystallographic a-axis.

Figure 3, Comparison of R:3 (a) and R:4 (b) displaying the three-
point recognition DAD pattern between R and coformer with
hydrogen bonds shown in black dotted lines. Trimers are formed by
two flavin units interacting from either side of the coformer. Trimers
are linked via further N—H:-:O hydrogen bonds, indicated by green
dotted line. Viewed along the crystallographic a-axis.

The R:4 crystal structure displays resembling features. Based
on ED measurements, structure determination yielded a crystal
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structure in monoclinic C2/c symmetry, with one flavin
component and half a N-heterocycle manifesting the
asymmetric unit. The emerging three-point recognition pattern
is characterized by donor—acceptor distances at N6—H6A:
01 (2.98(5) A), N1-H--N8 (2.91(5) A) and N7—H7A--02
(2.84 A), located within the range of strong and directional
hydrogen bonds. Additional orthogonal N—H-O hydrogen
bonds support the structural stability and likely initiate
molecular assemblance (Figure 3b).

3.1.3. Structural Similarities of Ternary Systems R:3:A,
R:3:F and R:4:A. The ternary cocrystals R:3:A and R:3:F
crystallize in a triclinic lattice, R:4:A in a monoclinic crystal
lattice. Each system contains two acid molecules per
R:coformer pair. Within this constellation both acid molecules
interact only with the coformer unit. In particular, one acid
entity initiates a proton transfer, increasing the electrostatic
character of the formed charge-assisted hydrogen bond O4---
H-N7". Figure 4 illustrates on the example of R:3:A how each

Figure 4. Intermolecular interactions in R:3:A. A three-point DAD
recognition pattern between R and 3 entities. Further DDD:--AAA
interaction (black dotted lines) between the protonated side of 3 with
two A molecules build a tetrameric motif including all three
components, Tetramers linked via two N—H:--O interactions (green
dotted lines) propagate to chain arrangements. Viewed along the
crystallographic a-axis.

coformer molecule is involved in the hydrogen-bonded DAD
motif with a chromophore on the one side and into a DDD---
AAA pattern with two acid entities on its protonated side. This
pattern is likewise observable in R:3:F and R:4:A.

The resulting N—H--O and N—H--N bonded denor—
acceptor distances between R and coformer range between 2.8
and 3.0 A, suggesting significant interaction strength and
stabilizing character. Like the interactions of the DAD motif,
the N—H::O bonds between coformer and acid molecules
form a DDD--AAA three-point recognition pattern and range
between 2.8 and 2.9 A, which suggests their significant role
with regards to stability contributions to the lattice.

3.2. Comparison and Structural Impact of Stacking
Interactions. R possesses one aromatic ring (in the following
referred to as I) and two nonaromatic heterocycles (the middle
ring II and the imide group-containing ring III), paving
pathways for both localized and delocalized interactions. Thus,
our approach is to first identify the stacking interactions in
pure R and compare similarities and differences in the cocrystal
phases. In pure R, columnar stacking occurs between rings 1
and II at a distance ranging from 3.5 to 3.9 A, propagating
along the crystallographic b-axis. Parallel to the ab-plane, these

https://doi.org/10.1021/acs.cgd.5c01261
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columns arrange into tilted layers, adopting a tilt at a 26.64°
angle in a herringbone-like packing motif. A comprehensive
stacking pattern analysis of the obtained cocrystal structures
reveals significant modification of the original interaction motif
when incorporating the N-heterocycles. Yet again, within these
modifications some commonalities are apparent. Table 1

Table 1. Centroid Stacking Distances Obtained from
Crystal Structure Data of R, Its Binary and Ternary Phases,
Given in Ascending Order”

interacting interacting

rings eenrraias (A) rings eenroids (A)
R 1101 3.5757(13)  R:3:A LI 3.358(3)

-1 3.6280(13) 3T 3.612(3)
R:1 LI 3.3869(15) -1 3.995(3)

101 3.3948(15)  Ri3:F L--Ior 3.363(2)

14 3.5815(15) I3 3.6418(17)

-1 3.9787(15) 110" 3.8932(16)
R:2 IL--IT 3.3842(13) Ri:A L4 3.473(3)

L-1r 3.3880(14) 411" 3.513(3)

II--2' 3.5749(12) 411" 3.514(3)
R:3 I 3.373(3)

L1 3.390(3)

8 1) 3.461(3)

IL--1r 3.580(3)

II,-1" 3.636(3)

I, 11" 3.662(3)

1N 11 3.731(3)
R:4 LI 3.64(7)

“The cut-off is set at <4.0 A. Rings of R are referred to as I, Il and 111
in all systems. “Two symmetrically inequivalent R units in R:3 are
indexed withaandb; (i) 1 =%, 1 =y, 1 =2z (i} 2 —x, 1 -y, 1 -z
(iii) 3/2 — x,3/2 =y, —z (iv) 1 =, =y, 1 — 2 (v) —x, =y, 1 — z (vi)
L—x 1=y 2=z (vii) %y 1 +z(viii) ,y, =1 + 2 (ix) =, 1 =y, 1
-z

shows the corresponding stacking distances measured from
centroid distances of the respective rings. In R:2 a coformer
unit initiates slipped-stacked z---z-motifs between ring I and
the triazine-core of 2 at 3.5749(12) A. Further, the R--R
stacking pattern is modified as well. At around 3.4 A, two flavin
units form a nearly coplanar stacking of inversely oriented
planes with significantly tighter centroid distances. This pattern
is likewise present in R:1 showing insignificant differences in
bond lengths.

R:3 and R:4, on the other hand, in contrast to R:1 and R:2,
feature different modifications to the stacking pattern as there
is no involvement of the coformer ring. The presence of 3 and
4, respectively, results in shorter R--R stacking distances and
rearrangement of the interacting rings. In R:3, rings I and III’
and both middle rings IT and II' of two molecular units
interact in a range of ~3.4 A to ~3.7 A with slipped stacked
arrangement, a motif similar to pure R. However, in R:4 the
structural rearrangement displays mere overlap of the benzene
and middle ring, resulting in I-II" interactions. The imide ring
system is not involved in any stacking motif in the set cutoff
range of 4.0 A. Noteworthy, while in R the stacking
interactions form infinite columnar motifs, in R:4 stacking
dimers are laterally separated from each other. For the ternary
systems, entirely different patterns arise. The crystal packing is
significantly altered and so are the stacking arrangement
sequences. The original R:+-R stacks are partially disrupted by
the incorporated coformers in both R:3 ternary systems. In
R:3:A a slipped stacked arrangement of the coformer ring with
the R benzene ring I facilitates -~ interactions at 3.612(3) A.
Two R molecules interact here via cofacial arrangement of
rings IILII (3.358(3) A) and ILIII (3.995(3) A) which
further contributes to the robustness of the crystal architecture.
Likewise, R:3:F shows identical patterns, merely of differing
lengths, with the 7---7 interaction between I and the coformer
ring at 3.6418(17) A as well as the III-IIT" (3.363(2) A) and

R

R
%e*?*

a

vy S Send

mﬁi—*ﬁ

b

%’5@5@

d

Figure 5. Stacking arrangements in R:3:A (a) and R:4:A (b). Alternating R--coformer layers propagate along the crystallographic a-axis, viewed
along the b-axis. Viewed along the a-axis, stronger cofacial arrangement of the flavin aromatic ring and the coformer is evident in the R:4:A
cocrystal (d) than in the R:3:A cocrystal (c). For better clarity in (¢, d), the flavin is colored green and the coformer red.
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Table 2. Overview of the Crystal Structures Including Electron Density p(r) at Bond Critical Points (BCP), Individual
Calculated Binding Energies (BE), Calculated Binding Energies R*X“ and Binding Energies from BSM Calculations

electron density p(r) at BCP
(107 e/Ag)

R N2-H--02' 242 -19.50
02--H-N2' 242 ~19.50
R:l Ol1--H-N9 2.56 —20.84
N2—-H--Né 278 —22.89
02--H-N8 265 -21.67
R:2 Ol--H-N10 227 -18.07
N3—H:N6 276 —22.68
02--H-N9 202 -15.73
R:3 03,-H-N14 272 —-22.26
N8,—H--N12 2.10 -16.53
04,--H-N15 3.65 —30.96
Ol,H-N14 3.58 —-30.38
N6,—H-N11 1.70 —12.80
02,-H-NI13 262 -21.38
R:4 Ol1--H-N7 2.34 —18.74
N1-H--N8§ 248 —20.08
02:-H-N6 1.82 ~13.85
R:3:A Ol--H-N9 2.50 2029
N3—H:--N6 3.96 —33.85
02--H-N8 344 ~29.04
03--H-N9’ 2.57 —20.92
04--H-N7* 3.85 -57.20
06--H-N10' 3.88 -3243
047-H-05" 748 —66.65
R:3:F Ol-+H-N9 2,09 —16.40
N3-H--Né 251 -20.33
02--H-N8 2.55 —-20.71
03-+H-NY' 349 —29.50
04--H-N7"' 295 —45.48
06+ H-N10' 241 —19.41
04~--H-05" 827 —74.06
Rid:A O1--H-N10 177 —13.39
N3-H-N6 3.09 2573
02:-H-N9 2.51 —-20.38
05--H-N11' 245 -19.79
04--H-N7* 3.69 —55.73
03--H-N10' 3.02 —25.10
047H-07" 8.84 —79.41

“X—interacting partner involved in hydrogen bonding; ‘—binding energies between acid molecule and coformer;

individual calculated BE (kJ/mol)

calculated BE R---X" (kJ/mol) calculated BE BSMs (kJ/mol)

—39.00 —39.00
—65.40 —165.81
—56.48 ~150.67
—69.75,~64.56,, —134.31
—52.68 —105.35
-83.22 —260.38
—57.45 ~225.89
—59.50 —239.53

”

—binding energies between

two acid molecules in the crystal structure interacting in the BSM model; indices a and b—two symmetrically inequivalent molecules of R in R:3;

2-x1=-y1-=z

I (3.8932(16) A) interactions (see Figure 5 for
comparison).

Isolated, these interactions may not seem connected,
however, in a -3-R-R- sequence columns of stacking patterns
do propagate alongside the crystallographic a-axis. In R:4:A,
the coformer units almost cofacially stack over the aromatic
ring I of the R units initiating strong z--x stacking interactions
at 3.473(3) A. These stack columns propagate along the
crystallographic a-axis, solely connected via aromatic ring
interactions. Remarkably, no short R---R interactions are
present in this structure.

3.3. QTAIM and NClplot Analyses. To quantify the
strength of intermolecular hydrogen bonding motifs across the
investigated crystal structures, a topological analysis of the
electron density based on Bader’s quantum theory of atoms in
molecules (QTAIM) is conducted on the seven available
crystal structures R, R:1, R:2, R:3, R:4, R:3:A, R:3:F and
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R:4:A. Focus is particularly set on the intermolecular
interaction involving the imide group of R, where electron
density values at the calculated bond critical points (BCPs) are
evaluated, further converted into binding energies (BE)*
(Table 2).

In the crystal structure of pure R, no intermolecular DAD
motifs are present. Instead, the dimeric motif built of two R
molecules interacting via amide—amide hydrogen bonding
serves as a reference for further comparisons of obtained
binding energies of the hydrogen bonds. The N—H--O
hydrogen bonds here each are characterized by binding
energies of —19.50 kJ/mol, resulting in a total HB stabilization
energy of —39.00 kJ/mol within the R---R dimer. These values
correspond to the expected energies of strong hydrogen bonds
according to Desiraju and Steiner,”* based on the proposed
classification by Jeffrey.”* Upon cocrystallization with different
N-heterocyclic coformers, an increase in hydrogen bonding

https://doi.org/10.1021/acs.cgd.5c01261
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p>0,A>0
strong, repulsive

p=0
weak

p<0,A>0
strong, attractive

Figure 6. RDG isosurfaces (cutoff = 0.6) of R and all cosystems. For R:3 two models for each symmetrically inequivalent unit a and b are shown.
Green areas indicate the location of the stacking interaction between the involved regions.

strength is observed, underlining one driving factor for
reassembly. The calculated total binding energies of the
resulting DAD motifs are set in a range between —52.68 and
—83.22 kJ/mol. To allow a more meaningful comparison of the
intermolecular binding strengths across structurally distinct
cocrystals, Vasylyeva et al. in 2012 introduced the concept of
basic structural motifs (BSMs).®® In contrast to a simple
summation of individual hydrogen bond energies, the BSM
approach focuses on the identification of the energetically
dominant aggregation units within the crystal lattice—such as
dimers, trimers or tetramers—that govern the overall lattice
stabilization. Given the considerable variation in hydrogen
bonding networks between herein reported binary and ternary
cocrystals, BSM-based analysis facilitates a normalization of
binding energies across different supramolecular topologies.
For instance, the tetrameric assemblies observed in R:1 and
R:2 exhibit cumulative BSM binding energies of —165.81 and
—150.67 kJ/mol, respectively, while the trimeric binary systems
R:3 and R:4 display somewhat lower BSM binding energies of
—134.31 and —105.35 kJ/mol. All selected BSM models are
listed in SI (Figure $23).

The most pronounced stabilization is observed in the
ternary molecular ionic cocrystals, mainly due to the energetic
benefit of the hydrogen bonds between two acid molecules
forming the basic structural motif. A substantial contribution is
provided by the charge-assisted O—H:-+O~ and N'-H--O
hydrogen bonds ranging from —66.65 to —79.41 kJ/mol and
—45.48 to —57.20 kJ/mol, respectively. According to Desiraju
and Steiner, the former fall within the range of very strong
hydrogen bonds, albeit close to the lower boundary of this
classification,”* while the latter can be considered strong. In
these systems, the calculated BSM binding energies exceed
—225.89 kJ/mol, reaching up to —260.38 kJ/mol for R:3:A.
These findings highlight the cooperative strengthening of the
hydrogen bonding network, especially upon incorporation of
the third component acid molecules. This effect likely
originates from spatial complementarity between electrophilic
and nucleophilic regions, as shown by Shukla et al, who
demonstrated that the formation and stability of supra-
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molecular motifs are driven by directional electrostatic
interactions between complementary charge-depleted and
charge-concentrated regions.””

A qualitative NClplot analysis helps to classify the nature of
the intermolecular interactions between stacking regions of
overlapping ring fragments, providing insight into the local
electron density topology. Based on sign(4,)p descriptors, a
relative quantitative analysis is performed to reflect the
character of the interactions. For this, based on crystal
structure data for each structure, stacking patterns surrounding
a selected chromophore unit were isolated and an NCI analysis
performed. The nature of the noncovalent interactions is
illustrated by color-coded isosurfaces based on the sign(4,)p
descriptor. Blue surfaces represent strong attractive inter-
actions, while red regions highlight repulsive interactions
resulting from steric hindrance or close-contact repulsion.
Weak dispersive interactions are characterized by green
isosurface areas and sign(4,)p values close to zero.” In the
case of the investigated stacks, the latter is expected. In Figure
6 the visualized isosurfaces (cutoff value = 0.6) verify the
presence and position of the NCI surface regions between
stacks of R and/or coformer units with sign(4,)p values
between —0.01 and 0.01 au. The corresponding reduced
density gradients (RDG) scatterplots (see Figures $24—532 in
SI) display distinct spikes in aforementioned sign(J,)p regions,
indicative of weak dispersive interactions.

Pronounced surfaces, not only in the flavin—flavin overlap
zone but likewise between the coformer fragment and the
flavin, are observable in R:1 and R:2. In contrast, R:3 and R:4
exhibit more segmented NCI regions between the coformer
and the flavin. This is in accordance with the tilted and shifted
molecular arrangement in the crystal structures. Also, in the
ternary systems green isosurfaces between the chromophore
and the coformer are allocated, especially above and below the
benzene ring (ring I) of the flavin and the adjacent heterocyclic
plane. In contrast to the binary systems, within the R---R stacks
the surfaces do not spread along all three flavin rings and are
herewith less pronounced. This reflects a clear displacement of
the stacking interaction focus on R---coformer arrangements. It

https://doi.org/10.1021/acs.cgd.5c01261
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is to be noted that in the case of R:3 two independent stacking
motifs involving different molecular orientations were analyzed
separately, thus resulting in two separate NCI topologies.

3.4. Photophysical Characteristics. Under standard
daylight conditions, distinct color differences are observable
for each of the ten individual multicomponent compounds
compared to pure R. In addition to our previously published
observations™ not only the range of colors is expanded from
dark red up to bright orange but the systems also expose a
degree of selectivity in their solid-state emission characteristics.
Ternary systems predominantly emit in the orange-green
region, whereas binary systems favor the light red region of the
electromagnetic spectrum. Notably, both types of systems
exhibit a consistent blue-shift relative to the starting material,
highlighting a significant modification in their photophysical
properties.

The CIE 1931 coordinates (Table 3) assess the perceived
color of the luminescence of all systems, visualized in the CIE

Table 3. Emission Maxima ().Em’mx), Excitation Maxima
(Apy,may)y Full Width at Half Maximum (FWHM), Stokes
Shift and CIE 1931 Coordinates of R and Obtained
Cocrystal Phases

FWHM Stokes  Stokes CIE 1931
G 8 36 e

R 733 633 158 100 2155 0.64, 0.35
R:3 668 622 97 46 1107 0.70, 0.30
R:4 657 582 102 75 1961 0.68, 0.31
R:1 652 613 141 39 976 0.65, 0.35
R:2 646 583 80 63 1673 0.68, 0.32
R:2:A 617 575 50 42 1184 0.64, 0.35
R:1:F 596 542 85 54 1570 0.59, 0.41
R:1:A 590 545 89 45 1399 0.58, 0.42
R:3:A 585 556 76 29 892 0.57, 045
R:3:F 581 560 81 21 654 0.55, 044
R:4:A 575 539 78 36 1162 0.52, 048

diagram (Figure 7). To facilitate comparison across different
cacrystals, all experimental emission spectra (Figure 8), which
will be discussed below, were normalized to their respective

CIE 1931

[ 1 IeloT ToToT o] 1 ]

Figure 7. CIE 1931 color diagram including all obtained crystal
phases.
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maxima prior to the CIE transformation resulting in a fine,
distinct distribution in high wavelength area. The perceived
colors of the binary cocrystals are detected in the red area,
while the remaining ternary ionic cocrystal phases, with the
exception of R:2:A, are distributed in the orange color range, R
serving as a reference middle ground.

The solid-state emission bands of the binary cocrystals
(Figure 8) emerge in the range between 668 and 646 nm. R:2
shows the strongest spectral shift Ag,, .., = 646 nm relative to
pure R at 733 nm. As for the ternary systems, the most
pronounced emission band shift is assigned to R:4:A at Ag, 00
= 575 nm. In comparison to the emission band of pure R, the
bands appear narrower as evident from calculations of full
width at half-maximum (FWHM) distributions of Gaussian
fitted plots listed in Table 3. Moreover, the mixed ionized
systems emit even narrower bands than their binary cocrystal
analogues. The bandwidth decreases from 158 nm in R up to
80 nm in R:2 and further to 50 nm in R:2:A. Among the
systems the Stokes shift narrows down in comparison to the
100 nm Stokes shift of pure chromophore R. While the binary
cocrystals show moderate shift between 39 and 75 nm, the
molecular ionic cocrystals display smaller Stokes shifts, with
R:3:F exhibiting the lowest value of 21 nm.

4. DISCUSSION

4.1. Structural Analysis of Roseolumiflavin Multi-
component Systems. Examination of the crystal structures
highlights a clear evolution in molecular packing across the
binary and ternary systems. R:1 and R:2 adopt face-to-face 7-
stacking of R units with nearly coplanar R--coformer
arrangements stabilized by tetrameric hydrogen-bonded DAD
motifs, whereas R:3 and R:4 exhibit tilted and slipped stacking
arrangements. A more pronounced alteration in the stacking
pattern emerges in the ternary molecular ionic cocrystals
R:3:A, R:3:F and R:4:A. Here, the coformers rearrange to
form z-stacking interactions with the flavin unit, leading to
reorganization of the original stacking arrangement. This
incorporation of the coformers into the z-stacking increases
structural complexity and likely contributes to stronger
modulated optical responses compared to the binary
cocrystals. Additionally, a proton transfer from acid molecules
to the N-heterocyclic coformer further enhance the ring
electron density and modify the overall electronic distribution
of the respective systems. This is in line with the carried out
NClplot analyses. The isosurfaces generated from the electron
density confirm weak dispersive interactions between stacked
units, primarily visualized as green, flat-shaped surfaces in the
sign(4,)p range of approximately —0.01 to +0.01 au, indicative
of the van der Waals forces. In R:1 and R:2 these isosurfaces
are continuous and spatially extended between nearly cofacially
arranged flavin moieties, which correlate with tighter stacking
distances and enhanced overlap. Further, coformer ring
fragments also establish interaction with the aromatic ring of
R. In contrast, in R:3 and R:4 due to tilted or slipped
geometric arrangement, the NCI isosurfaces between the
coformer ring and the flavin units appear less continuous and
spatially confined. This reduced surface overlap may contribute
to the less pronounced emission shifts observed for these
compounds. Notably, in the investigated ternary systems, the
dominant NCI surfaces relocate from stacked flavin units to
regions between the coformer and the chromophore. Observed
realignment of dispersion-dominated interactions visually
confirms the disruption of R--R stacking replaced by

https://doi.org/10.1021/acs.cgd.5c01261
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Figure 8. Solid-state emission bands of R compared to blue-shifted ternary systems (left) and binary systems (right). All phases were excited at A,
= 423 nm, except for R:1:A and R:3:A (A, = 400 nm). The spikes at 765 nm result from higher diffraction orders of the monochromator.

alternating R---coformer stacking motifs. These findings
underline how weak noncovalent forces support the new
supramolecular arrangement in ternary systems. Complement-
ing these weak dispersive forces, strong hydrogen bonds
emerge as the dominant structure-directing interactions within
the crystal lattices. This is evident from the calculated binding
energies of the crystal structures (see Table 3). Not only is the
initial N—H---O interaction in R classified as a strong hydrogen
bond, but the DAD motif in the cocrystals also contributes
substantial stabilization ranging from —52.68 to —83.22 kJ/
mol. Moreover, a trend of increased stabilization of the BSMs
is observable from binary to ternary systems. The energetic
environment as a stabilizing factor of the BSMs exceeds values
over —105.35 kJ/mol for R:4, up to —165.81 kJ/mol for R:1
regarding the binary systems. The BSMs of the ternary systems
reach values as high as —260.38 kJ/mol in the case of R:3:A.
The consistently high binding energies across all systems affirm
that strong, classical hydrogen bonds are the dominant driving
interactions for the multicomponent crystal formation. The
ternary structures demonstrate that hydrogen bonding is both
energetically significant due to their partial ionized character
and also capable of reorganizing entire packing motifs,
replacing the prior R--R interactions and resulting in distinctly
altered packing arrangements. The particular arrangement and
positioning of the acid molecules in the same layer of the
coformer and chromophore interaction pattern in each ternary
system grants interactions from the coformer via a quasi-three-
point recognition framework. Thereby, the acid molecules
substitute the stabilizing role of the coformer or of a flavin’s
imide group of the binary system counterpart (see R:1 and R:2
for the former, R:3 and R:4 for the latter). Further, the
arrangement of the acids is particularly noteworthy, as the
resulting interaction motif closely resembles the three-point
recognition pattern, essentially mirroring it on the opposite
side of the coformer and thereby enhancing the overall
robustness of the system. Evidentially, the incorporation of the
acid molecules is crucial for stabilization of the ternary systems,
as their presence fundamentally shapes the supramolecular
framework. These findings align with the recent survey on
flavin-based supramolecular systems by Mouli and Mishra,
where intermolecular interactions dictate gel formation and
stimuli-responsive behavior.”® Therein, 7z-stacking variations
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and molecular modifications influence material properties,
particularly in redox-active environments and the role of
hydrogen bonds in stabilizing supramolecular structures is
highlighted. Furthermore, reported protonation effects con-
tribute to molecular rearrangement, underscoring the signifi-
cance of hydrogen-bonding networks in controlling structural
and electronic characteristics, similar to our findings on
molecular ionic cocrystals.

Despite their differences, all resulting cocrystals exhibit
consistent hydrogen-bonded DAD substitution patterns with
comparable 7-stacking motifs. This suggests that the number of
nitrogen atoms in the coformer ring has no significant
influence on the crystal packing or supramolecular architecture,
underlining the dominant role of the substitution pattern over
the heterocycle’s electronic structure. The data underline the
crucial role of hydrogen bonding not merely as a stabilizing
force, but as a determinant of crystal architecture. This agrees
with Desiraju and Steiner’s characteristics of strong and,
especially, very strong hydrogen bonds®* for charge-assisted
ones as present in the R crystal systems. To date and to the
best of our knowledge unprecedented for flavin-based
cocrystals, these structural rearrangements highlight the
potential of ternary assembly to tailor emission by direct 7-
interactions involving the coformer itself.

4.2. Spectroscopic Properties. Spectroscopic analysis
indicated substantial shifts in emission wavelengths across the
cocrystals, with all systems exhibiting shorter wavelengths
compared to pure R. The sequence of emission bands from
longest to shortest wavelengths follows the order R, R:3, R:4,
R:1, R:2, R:2:A, R: 1:F, R:1:A, R:3:A, R:3:F and R:4:A. This
progression suggests that cocrystallization with selected
coformers and specific stacking motifs directly influence the
emission profile, including additional impact when acid
molecules are involved. The observed structural motifs
correlate with these spectroscopic shifts, especially in the
arrangement and degree of stacking modes. Cocrystals such as
R:1 and R:2, with face-to-face stacking patterns and nearly
planar layers, exhibit shorter wavelength emissions than R,
suggesting that closer stacking enhances electronic coupling,
leading to blue-shifted emissions. Meanwhile, R:3 and R:4
with their tilted and slipped stacking patterns show emissions
closer to that of R which matches the reduced electronic
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overlap observed in these cocrystals. Molcanov and Kojic-
Prodic describe similar weak interactions in nonaromatic
systems, where multipolar electrostatic forces and dispersion
effects dominate.”” The ternary ionic cocrystals, in particular
R:4:A, where the chromophore stacking is entirely replaced by
R.:-:coformer interactions, displays the most pronounced blue-
shifts possibly due to the altered stacking arrangement
involving closer z-stacking with the coformer. The coformer’s
direct involvement in stacking interactions appears to
strengthen electronic interactions by reducing stacking
distances, especially where R--R stacking is replaced by
alternating R---coformer layers. This pattern implies that
shorter stacking distances and direct coformer involvement
are key drivers of further blue-shift. In addition, with increased
structural complexity, from the pure compound R to the binary
systems and the ternary systems, a trend of narrowing emission
bands is observed. This supports the notion that modified
stacking geometries lead to more suppressed nonradiative
decay pathways due to rigid packing.

Yet, it is crucial to acknowledge that direct correlations
between structural packing and emission properties are
constrained to a subset of the studied ternary systems.
Specifically, R:3:F, R:3:A and R:4:A exhibit the strongest
blue-shifts, suggesting a significant impact of their stacking
motifs and protonation effects on fluorescence behavior.
However, due to the smaller emission shifts in the remaining
obtained ternary systems, their contributions to the broader
structure—property framework remain unclarified. This inher-
ent limitation in our interpretation is to be noted, as the exact
role of molecular packing and acid interactions across all
ternary structures cannot be generalized with the same level of
confidence. Instead, our conclusions rely on observed trends
and approximated correlations rather than definitive cause-
effect relationships for all remaining systems.

4.3, Influence of Coformer Selection on Emission
Control. The observed variation in emission maxima,
bandwidth and Stokes shifts highlights the pivotal role of
coformer selection in fine-tuning the optical properties of
roseolumiflavin-based cocrystals. Regarding the binary cocrys-
tals, a substantial hypsochromic shift of the emission band
maxima is observed for R:1 (Adg, . = 81 nm) and R:2
(Adgmmax = 87 nm) which adopt nearly coplanar face-to-face
stacking motifs, enhancing electronic coupling between the
stacked chromophores. The pronounced blue-shift in emission
maxima reflects a modification of the excited-state energy
profile due to tight stacking and the resulting electronic
delocalization. Beyond binary systems, ternary systems
introduce an additional tuning parameter: protonation-induced
charge redistribution within the lattice. The incorporation of
proton-donating components such as acetic acid or formic acid
leads to partial protonation of the N-heterocyclic coformers,
thereby modifying their electronic density and interaction
profile. This observation cannot be fully rationalized based on
ApK, values alone. For the binary systems, the calculated ApK,
values (0.17—-2.57) fall within the so-called salt/cocrystal
continuum. The multiple acid—base pairs coexisting in the
ternary systems make the situation even more complex while
further the coformers rather than R are protonated, despite
ApK, considerations suggesting otherwise. Consequently, the
systems studied here are best described as mixed ionized
phases and for clarification of the partially ionized character,
we chose to label them as molecular ionic cocrystals. In these
protonated systems, this adjustment is reflected in both the

10493

96

hydrogen-bonding network and stacking arrangements. The
coformers both participate directly in stacking interactions with
the flavin units and further effectively replace the original R---R
stacking motifs. As a result, the chromophores become
separated by alternating coformer layers, enforcing a more
defined, periodic stacking pattern. This facilitates more
narrowing of the emission bands and smaller Stokes shifts,
which point to reduced vibronic coupling, presumably
resulting from a more rigid excited-state geometry within the
crystal lattice.

Additionally, QTAIM analysis confirms that ternary systems
exhibit the strongest binding energies within their basic
structural motifs, with up to —260.38 kJ/mol for R:3:A.
Complementary NClplot visualizations show dense green
isosurfaces between R and coformer units, indicative of
dispersion-dominated but spatially extensive interactions,
indicating a cooperative effect of dominant hydrogen bonding
and supportive stacking interaction.

The results discussed point out that a strategic combination
of a coformer with a complementary proton-donating
component, if needed, allows for tailored optical responses,
providing fine control over color purity and emission
characteristics. The CIE profiles shown above illustrate how
each emission color can be finely adjusted, from deep red to
orange. This further demonstrates that photophysical proper-
ties such as emission wavelength, bandwidth and Stokes shift
can be modulated in a targeted and predictable manner,
establishing a versatile design framework adaptable to
individual use-case. Within the series investigated, R:3:A
emerges as the most effective system in terms of color purity,
offering both sharp emission and a relatively small Stokes shift
of 892 em™.

5. CONCLUSION

In this study, we build upon our previous work on
cocrystallization of R and significantly expand those findings
by exploring ternary systems, implementing a new level of
complexity in the supramolecular assembly, with the aim to
establish the fundamental structure—property relationships. By
careful combination of structural studies on micro- and single-
crystalline multicomponent systems, topological analysis of the
crystal packing, quantification of the involved intermolecular
interaction via quantum chemical calculations and NCI
analysis followed by steady-state spectroscopy we provide a
multifaceted perspective on roseolumiflavin’s cocrystallization
capability and limitations. Observed structural variations are
linked to spectroscopic emission band shifts relative to pure R.
The novel systems not only exhibit new spectral bands but also
reveal a degree of selectivity in their emission characteristics.
Here, the emission trends show that the selection of the
coformer and particular stacking arrangements are important
factors in determining spectral shifts of R into orange-green
range for ternary and light red region for binary cocrystals.
Moderate organic acid molecules introduced as a third
component play an active role in crystal arrangement
processes, particularly through protonation and hydrogen
bond rearrangements, Ternary systems in this case represent
mixed intermediate states, molecular ionic cocrystals, where
neutral and charged molecular entities are combined into the
crystalline lattice via multiple intermolecular interactions. In all
discussed binary and ternary systems, a strong hydrogen
bonded three-point recognition DAD pattern is integrated
which replaces the original dimeric motif of R---R. Hydrogen
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bonds clearly dominate structure formation in all reported
systems in conjunction with the calculated energy values for
BSMs. Binary cocrystals adopt face-to-face or tilted stacking in
contrast to the ternary systems which exhibit a gradual
transition in stacking behavior. The inclusion of proton-
donating components disrupts the original flavin stacking
motifs, replacing R-+R interactions with coformer-mediated 7-
stacking. This in turn leads to reduced electron delocalization
between flavin molecules, contributing to the largest spectral
shifts observed in this study.

Our findings showcase how cocrystallization fine-tunes the
spectral properties of R as well as provide a deeper
understanding about the effects of subtle variations in stacking
and protonation on photophysical behavior. Both binary and
ternary cocrystals can be used to systematically fine-tune 7-
stacking and emission properties in flavin-based systems.
Coformer selection is crucial to modulate the impact on
stacking modes, allowing targeted adjustment of emission
wavelength and band narrowing. Moreover, in the ternary
systems, the positioning of the acid molecules appears to
replicate aspects of the DAD-type recognition motif observed
in the binary systems. Although not forming a true DAD array,
the spatial mimicry suggests that embedded acid molecules can
play an active role in reinforcing or replacing directional
interactions. This finding highlights an underexplored aspect of
crystal engineering: the structural involvement of these
cocrystallized species in modulating both molecular packing
and electronic environments, herein examined for rose-
olumiflavin-based systems. This may pave the way for
advancements in optoelectronics, sensing and material
engineering when flavins are the object of interest. This is
complemented by sustainability factors being included into
synthesis considerations as apart from one all multicomponent
systems can be produced via green mechanochemical syn-
thesis. By integrating it into flavin-based cocrystallization, a
solvent-free, scalable and environmentally friendly method for
tailoring optical materials is established.
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1. pK, values
Table S1. Acid dissociation constants (pKa) of R, co-formers 1, 3, 4, A, F at 20 °C, of 2 at 25 °C,
and calculated ApK, values for selected pairs. Literature values are indicated by superscripts.

R 1 2 3 4 A |F
pKa | 757 |7.26',7.47 | 588 [6.72%.6.84" |5.16' |4.76 |3.77
R, 1 R.2 |R3 R4 R A RF
ApK. 031-0.17 | 1.69 | 085-0.73 |2.41 |281 |3.80
LA 24 |3,A 4.A
ApKa 2.50-2.64 | 1.12 1.96-2.02 | 0.40
1F 2F 3.F 4.F
ApKa 3.49-3.63 | 2.11 295-3.01 |139

* The corresponding Ky was measured at 25 °C as reported in *.

pK. of R was derived from the experimentally measured pH value and the known concentration co
using the equilibrium expression K.=[H"*/(co - [H']), with [H']=10"", For a solution containing
2.03 mg of the compound (Mw = 285.31 g'mol™") in 30 mL of water (co = 2.37-10* M) and a
measured pH of 5.60, this yields pK,=7.57.
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2. Infrared Spectroscopy
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Figure S1. Infrared spectrum (ATR) of R:l, recorded from 500 to 4000 cm™', displayed in
comparison to R and 1.
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Figure S2. Infrared spectrum (ATR) of R:2, recorded from 500 to 4000 cm™', displayed in
comparison to R and 2.
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Figure S$3. Infrared spectrum (ATR) of R:3, recorded from 500 to 4000 ecm™', displayed in
comparison to R and 3.
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Figure S4. Infrared spectrum (ATR) of R:4, recorded from 500 to 4000 e¢m™', displayed in
comparison to R and 4.

Following Figures S5-S10 present the IR spectra of the ternary systems containing acetic acid (A)
and formic acid (F), together with the spectra of the pure acids for comparison. The characteristic
C=0 stretching bands of the acids at ca. 1700 em™' overlap with those of the flavin and partially
with the C=N vibrations of the co-formers, preventing a clear identification of the band shifts.
However, changes in the high-wavenumber region indicate the formation of N-H interactions,
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while variations in the shape and intensity of the C=0 and C—O bands further support the formation
of the ternary systems.
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Figure S5. Infrared spectrum (ATR) of R:1:A, recorded from 500 to 4000 cm™', displayed in
comparison to R, A and 1.
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Figure S6. Infrared spectrum (ATR) of R:1:F, recorded from 500 to 4000 cm™', displayed in
comparison to R, F and 1.
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Figure S7. Infrared spectrum (ATR) of R:2:A, recorded from 500 to 4000 cm™!, displayed in
comparison to R, A and 2.
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Figure S8. Infrared spectrum (ATR) of R:3:A, recorded from 500 to 4000 cm™', displayed in
comparison to R, A and 3.
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Figure S9. Infrared spectrum (ATR) of R:3:F, recorded from 500 to 4000 cm !, displayed in
comparison to R, F and 3.
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Figure S10. Infrared spectrum (ATR) of R:4:A, recorded from 500 to 4000 cm™', displayed in
comparison to R, A and 4.
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3. Crystallographic Tables & Powder X-Ray Diffraction (PXRD)
Table S2. Crystallographic Tables of R:4, R:2, R:3, R:3:A, R:3:F and R:4:A

Identification code R:2 R:3 R:4* R:3:A R:3:F R:4:A

CCDC deposition No. 2482925 2482923 2482849 2482926 2482922 2482924

Chemical Formula CiaHisNsO;, 2(C14H15Ns0Oz), 2(C14HsNsOy), Ci4Hi5N50,, CaHisN5O,, C1aHisNsO;,
C3HsNs Ci4H5N; C3HgNg CaHsNs, CsHsNs, C3HoNe,

C:H40:, CH:0s, CaH40,,
CH,O, CHO; C:H;0,

Empirical formula C17HuN O, CaHiN Oy C31H3sN1s0y CaHiagNOg CaoHaeN1O6 CaiHaNHOs

Formula weight 396.43 695.76 696.76 530.56 502.51 531.55

Temperature/K 100.0(2) 100.00(10) 298(2) 100.00(10) 100.00(10) 293(2)

Crystal system triclinic triclinic monoclinic triclinic triclinic monoclinic

Space group P-1 P-1 C2le -1 P-1 P2l

a/A 7.9437(3) 8.2060(14) 15.1(3) 7.3834(7) 7.3091(5) 6.9308(4)

b/A 8.3605(4) 13.780(2) 8.18(15) 8.2310(7) 8.2170(6) 8.1084(5)

c/A 14.9910(7) 14.556(3) 26.1(5) 22.264(2) 21.0127(14) 43.058(3)

a® 90.516(4) 78.933(14) 90 92.702(7) 88.024(6) 90

13 104.323(4) 83.249(14) 101.14(5) 93.050(8) 89.921(5) 92.344(6)

v 113.173(4) 75.852(14) 90 115.480(9) 64.686(7) 90

Volume/A? 880.48(7) 1562.1(5) 3165(101) 1216.02) 1140.02(15) | 2417.8(3)

Z 2 2 4 2 2 4

Peacg/em’ 1.495 1.479 1.462 1.449 1.464 1.460

wmm! 0.881 0.859 0 0913 0.942 0.932

F(000) 416 732 560 560 528 1120

Crystal size/mm?® 0.077 = 0.031 = 0.033x 0.021 = 0.078 = 0.06 0.1 0,041 = | 0.147 < 0.046
0.015 0.013 ) *0.04 0.032 *0.041

Radiation Cu Ka (A =|Cu Ka (A = electrons (A = | Cu Ka (A =| Cu Ka (A = | Cu Ka (& =
1.54184 A) 1.54184 A) 0.02508 A) 1.54184 A) 1.54184 A) 1.54184 A)

20 range for data | 6.128-158.748 6.204 -134.154 0.112 - 141 7.978 - | 11.922 - | 822 -

collection/® 144.992 157.624 135.998

Index ranges -10<h<9,-10< | 9<h<9,-16< ld<h<id -§< -7<h=9,-10 [ -9<h=<7,-10 | -7=h=<8,-6
k<10,-19<1< | k=<14,-17<1< o ometne | Sk<10,-27 | £k<10,-23 | €<k<9,-51<

k<8,-25<1<25

18 17 <1<27 <1<26 1<51

Reflections collected 10586 16854 4352 13513 12956 12845

Independent reflections 3499 5463 1484 4614 4506 4354

:)atalrestraims,‘pammeter 3499/0/342 5463/1/499 1484/264/237 4614/39/454 | 4506/1/429 4354/1/383

Goodness-of-fit on F* 1.026 0.969 1.056 0.975 0978 1.098

Final R indexes [I>=2a (I)] | R, =0.0477 R, = 0.0833, Ry =10.2492, R, = 0.0685 R, =0.0615 R, =0.0984
wR2=0.1127 wR;=0.1712 wR;=0.5791 wR:=0.1354 [ wR:=0.1541 | wR,=0.2571

Final R indexes [all data] R; =0.0803 R, =0.2075 R =10.3372, R, =0.1861 R, =0.1038 R =0.1324
wR; =0.1275 wR; =0.2261 wR = 0.6544 wR> =0.1956 | wR,=0.1804 | wR,=0.2759

:a;}gest diff. peak/hole/ 0.19/-0.25 0.33/-0.33 0.27/-0.22 0.27/-0.2 0.25/-0.36 0.53/-0.39

* Data from 3D electron diffraction (3D ED) measurements on microcrystalline sample.

The following experimental powder diffraction patterns were recorded at room temperature,
whereas the calculated patterns are based on single-crystal data collected at lower temperatures
listed in Table S2. The observed shifts in peak positions are attributed to temperature-dependent
changes in the lattice parameters.
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normalized intensity (offset)
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Figure S11. Experimental and simulated from single crystal data PXRD patterns of R:2 (Cu Ka
radiation).
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Figure S12. Experimental and simulated from single crystal data PXRD patterns of R:3 (Cu Ka
radiation).
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Figure S13. Experimental and simulated from single crystal data PXRD patterns of R:4 (Cu Ka
radiation).
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Figure S14. Experimental and simulated from single crystal data PXRD patterns of R:3:A (Cu
Ko radiation).
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Figure S15. Experimental and simulated from single crystal data PXRD patterns of R:3:F (Cu Ka
radiation).
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Figure S16. Experimental and simulated from single crystal data PXRD patterns of R:4:A (Cu
Ka radiation).
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Figure S17. Experimental PXRD patterns of R:1: A in comparison to PXRD patterns of R and 1
(Cu Ka radiation).
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Figure S18. Experimental PXRD patterns of R:1:F in comparison to PXRD patterns of R and 1
(Cu Ka radiation).
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normalized intensity (offset)
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Figure S19. Experimental PXRD patterns of R:2: A in comparison to PXRD patterns of R and 2
(Cu Ka radiation).
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4. Excitation Spectra and Emission Spectra

normalized intensity

|
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Figure S20. Normalized solid-state excitation spectra of R (Aem=700 nm), R:1 (Aer=670 nm), R:2
(Aew=650 nm), R:3 (Aem=750 nm) and R:4 (hen=0600 nm).
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Figure S21. Normalized solid-state excitation spectra of R (Aen=700 nm), R:1:A (Aem=650 nm),
R:1:F (hem=650 nm), R:2: A (hem=640 nm), R:3: A (Aew=650 nm), R:3:F (Aew=500 nm) and R:4: A
(hem=610 nm).
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Figure S22. Full solid-state emission spectra of R R:1, R:2, R:3, R:4, R:1:A, R:1:F, R:2:A,
R:3:A, R:3:F and R:4:A. All phases were excited at 423 nm, except for R:1:A and R:3:A which
were excited at 400 nm. Spikes at 765 nm and in the range > 800 nm result from light originating
from higher diffraction orders of the monochromator.
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5. Basic Structural Motifs

R:4 R:3:A

R:3:F R:4:A

Figure S23. Sclected basic structural motifs of crystal structures of R, R:1, R:2, R:3, R:4, R:3:A,
R:3:F, R:4:A.
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6. NCI Scatterplots
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Figure S24. RDG Scatterplot of R.
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Figure S25. RDG Scatterplot of R:1.
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Figure S26. RDG Scatterplot of R:2.
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Figure S27. RDG Scatterplot of R:3 (a).
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Figure S28. RDG Scatterplot of R:3 (b).
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Figure S29. RDG Scatterplot of R:4.
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Figure S30. RDG Scatterplot of R:3:A.
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Figure S31. RDG Scatterplot of R:3:F.
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7. Thermograms of R:1:A, R:1:F and R:2:A
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Figure S33. Thermogram of R:1:A including DTG curve measured between 30-600 °C, nitrogen
purge gas, heating rate 10 °C/min.
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Figure S34. Thermogram of R:1:F including DTG curve measured between 30-600 °C, nitrogen
purge gas, heating rate 10 °C/min.
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Figure S35. Thermogram of R:2:A including DTG curve measured between 30-600 °C, nitrogen
purge gas, heating rate 10 °C/min.

Aside from an initial 4% mass decrease attributed to moisture loss in the R:1:A sample, each
thermogram exhibits three main decomposition steps. The first step corresponds to the loss of the
acid component in a sequential manner, which might indicate the stepwise release of the differently
incorporated acid molecules. The onset temperatures for these steps of each compound are
Tr:1:4,1=118°C, Tr:¥,1=102°C and Tr:2:41=119°C. The decomposition of the N-heterocyclic
component is represented by the second step at onset temperatures of Tri:a2=258°C,
Tr:1:¢2=255°C and Tr:2:42=235°C. Finally, the flavin initiates decomposition at onset
temperatures Tr:1:43=335°C, Tr::¢3=310°C and Tr:2:43=335°C. Due to nitrogen purge gas
environment, no full decomposition is ensured and the remaining residual mass is thus to be

expected as a result.

24

123



8. Elemental (CHN) Analyses of R:1: A, R:1:F and R:2:A

Table S3. Elemental analysis (calculated, experimental, and difference values in %) for the phases
R:1:A, R:1:F and R:2:A; calculated values based on a 1:1:2 composition.

R:1:A (1:1:2) R:1:F (1:1:2) R:2:A (1:1:2)
calc. exp. A /% | cale. exp. A /% | calc. exp. A 1%
/% 1% 1% 1% 1% %
C 51.25 |50.55 0.7 49.27 | 4848 |0.79 48.82 [49.04 |0.22
H 5.62 5.51 0.11 5.12 5.06 0.06 542 5.26 0.16
N 2444 | 23.63 |0.81 25.84 |2567 |0.17 27.1 28.44 | 1.34
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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 tr-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 1---11 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

125



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 kd/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 Glinne and G. Yicesan

* 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 Na2SOs4. Effective COz2 capturing is facilitated due to

narrow pores of the COF.
Contributions of the author:

e Performance of temperature-variable PXRD measurements.
e Testing of chemical stability.
e 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.
Béhmer, 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 nTr" excited states.
Contributions of the author:

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

e Single-crystal preparation, SCXRD measurements and single-crystal structure
data evaluation of NMA.:--SCat and SCat together with Martin Polko.

e PXRD and FTIR measurements and evaluation of the results.

e Writing paragraph about the effect of hydrogen bonding in NMA co-crystals
together with Benedikt Bendel.

e Writing ESI paragraph about SCat crystal structure details.

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

e 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

CrysttngComm, 2022, 24, 8390-8398.
Contributions of the author:

e Evaluation and validation of lattice energy calculations based on crystal
structure data.

e 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:

e Single-crystal preparation, SCXRD measurements, single-crystal structure data
evaluation and crystal structure description of the rublumline derivative.

e Review and revision of the manuscript.

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

dihalogen-salicylaldiminates with A- or A-chirality induction at-metal

A. Saadati, H. Amiri Rudbari, M. Aryaeifar, O. Blacque, |. Correia, M. K. Islam, D.
Woschko, T. Haj Hassani Sohi, C. Janiak and M. Enamullah

CrystEngComm, 2023, 25, 365-377.
Contributions of the author:

e Calculation, evaluation and validation of NCI plot analyses for NiSL', A-NiSL?
and A-NiRL3.

e Writing paragraph about the NCI plot analyses.

e Preparation of Figure 5.

e Review and revision of the manuscript.

Hydrogen-Bonded Ladder Motifs in Naphthalene Dicarboxamides: Influence of
Linear vs. Angular Amide Orientation

A. Mohabbat, |. Boldog, T. Haj Hassani Sohi, N. Reistel, P. Seiffert and C. Janiak

Crystals, 2025, 15, 406.

Contributions of the author:
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e Input preparation for Gaussian calculations for subsequent QTAIM analyses.
e NCI plot calculations and contributions to preparation of Figure 12.
e Validation of QTAIM and NCI plot analyses.

Syntheses and X-ray structures of enantiopure Schiff bases (R or S)-2-(((E)-1-
(Ar)ethylimino)ethyl)phenol, copper(ll) complex and (R or S)-(Ar)ethyl-

ammonium sulphate/acetate

M. Enamullah, I. Haque, A. K. Resma, T. Aziz, T. Haj Hassani Sohi, D. Woschko and
C. Janiak

Inorganica Chimica Acta, 2025, 583, 122657.
Contributions of the author:

e Single-crystal preparation, SCXRD measurements and single-crystal structure
data evaluation of compound 1.

e Review of the manuscript.

Square planar vs. pyramidal copper(ii)-complexes with benzylal vs. naphthylal-
based Schiff bases

M. Enamullah, I. Haque, A. K. Resma, G. Abdullah, M. N. Uddin, T. Haj Hassani Sohi,
D. Woschko, P. Ferber and C. Janiak

RSC advances, 2025, 15, 18358-18371.
Contributions of the author:

e Single-crystal preparation, SCXRD measurements and single-crystal structure
data evaluation of compounds HL2, HL3 and 3.

e Review and revision of the manuscript.

Ferromagnetically coupled tetranuclear Ni(ii)-2-oxy-aceto- or benzo-phenonate

complexes

I. Haque, M. Enamullah, N. T. Jhumur, B. K. Sidhu, D. E. Herbert, T. Haj Hassani Sohi,
L. Havliéek, I. Nemec and C. Janiak

RSC advances, 2025, 15, 4250-4261.
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Contributions of the author:

e Single-crystal preparation, SCXRD measurements and single-crystal structure
data evaluation of complex 1 and complex 2.

¢ Review and revision of the manuscript.

Dinuclear vs. mononuclear copper(ii) complexes with nitrophenylimino-

benzylal- vs. -naphthylal-based Schiff base ligands

M. Enamullah, I. Haque, G. Abdullah, F. H. Sourav, N. T. Jhumur, M. K. Islam, T. Haj

Hassani Sohi, P. Ferber and C. Janiak
New J. Chem., 2025, 49, 17106—-17123.
Contributions of the author:

e Single-crystal preparation, SCXRD measurements and single-crystal structure
data evaluation of compounds HL2, HL3 and 3.

e Review and revision of the manuscript.
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