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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 @ *@

A structural study on the solid, microcrystalline chromophore roseolumiflavin 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
incorporated into the multicomponent 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
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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-

“ Laboratory for Molecular Crystal Engineering, Department of Inorganic Chemistry
and Structural Chemistry I, Heinrich-Heine-University Duesseldorf, Universitaetstr. 1,
40225 Duesseldorf, Germany. E-mail: vera.vasylyeva-shor@hhu.de

? Laboratory for Asymmetric Synthesis and Catalysis, Department of Organic
Chemistry and Macromolecular Chemistry, Heinrich-Heine-University Duesseldorf,
Universitaetstr. 1, 40225 Duesseldorf, Germany

¢ Laboratory for Inorganic Photoactive Materials, Department of Inorganic
Chemistry and Structural Chemistry II, Heinrich-Heine-University Duesseldorf,
Universitaetstr. 1, 40225 Duesseldorf, Germany

t Electronic supplementary information (ESI) available: CIFs, preparation of R,
IR, 'H-NMR, "“C-NMR and HRMS spectra,
luminescence data, solid-state emission and excitation spectra, solution
emission and absorption spectra, thermal (DSC and TG) data. CCDC 2168404-
2168407. For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d2ce00589a

solid-state  time-resolved

This journal is © The Royal Society of Chemistry 2022

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
for isoalloxazines compared to alloxazines and 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 m---m contacts or hydrogen bonds, which in
turn may cause severe fluorescence quenching.”*>® To
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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,®>>® 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 even lead to an
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.
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Acetylenedicarboxylic Acid (A)  1,4-Diiodotetrafluorobenzene (B) 2,4-Diaminopyrimidine (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 in a co-
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 m-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.

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 cm™. "H-NMR: 2.45 (s), 3.06 (s), 3.95 (s), 6.88 (s),
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 cm ™.
PXRD (characteristic Bragg reflections): 6.29°, 11.59°, 13.55°,
25.22°, 25.97°, 27.78° 26.

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° 20.

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° 26.

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 /20 geometry at
ambient temperature using Cu-Ka radiation (1 = 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-Ka radiation
(4 = 0.71073 A) at 140(2) K for R and a Rigaku XtaLAB
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.%"
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 wunit 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

CrystEngComm, 2022, 24, 7315-7325 | 7317
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Table 1 Crystallographic data for R, R:A, R:B, and R:C

Name R R:A(1:1) R:B(2:3) R:C(1:1)
Empirical formula C14H;5N50, C14H;5N50,, C,H,0, C14H,5N50,, 1.5(CgF4l,) C14H;5N50,, C,HgN,
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.) P24/c (14) Pbca (61) P1(2) Pi1(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)

A 99.135(5) 90 91.090(3) 74.813(5)

7] 90 90 96.577(4) 65.130(6)

Volume [A%] 1268.6(2) 3541.2(3) 1311.17(9) 889.69(10)

Z|Z' 4/1 8/1 2/1 2/1

Peale [€ cm 7] 1.494 1.498 2.249 1.476

4 [mm™] 0.105 0.976 28.774 0.854

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

Crystal size [mmS] 0.05 x 0.10 x 0.15 0.02 x 0.02 x 0.18 0.02 x 0.05 x 0.05 0.03 x 0.03 x 0.06
0 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

X-ray source (wavelength [A])
Ry [I > 20(I)]/wWR, [all reflns.]

MoK, (% = 0.71073 A)
0.0493, 0.1399

CuKo (1 = 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

displaced stacking interactions where Ring 2 is stacked above
the Ring 1 (centroidging 2 -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---O1: 3.147(2) A, C13-H---O1: 3.177(2) A, Cé6-H---O1:

©
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 c axis with each
stack tilted at a 26.64° angle. View along the c axis.

7318 | CrystEngComm, 2022, 24, 7315-7325

2.66(2) A, C12-H---02: 2.51(3) A) 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 ESI}).
The corresponding IR spectrum in Fig. 2 illustrates strong
peaks at 1690 and 1633 cm™', which were assigned to amide

—O stretching modes, while two bands at 3380 and 3250
em™ originated from the mono-substituted amide N-H
stretching mode. The band at 3129 cm™" may have resulted

3380/
3250
3129

2799
3063

% Transmittance

2984 1690

1633

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™|

Fig. 2 Infrared spectrum (ATR) of R recorded from 400 to 4000 cm™.

This journal is © The Royal Society of Chemistry 2022
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from combination vibrations »(C=0) + J(N-H). The
vibrational band at 2799 cm™ likely originated from the
NC-H stretching mode, while the band at 2984 cm™ 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-S9 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 co-former 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---O3:
2.922(3) A, 0O4-H---02: 2.538(3) A).

Intermolecular 06-H---O2 interactions (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

rel. intensity (offset)

5 10 15 20 25 30 35
201°|

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

This journal is © The Royal Society of Chemistry 2022
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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 77
stacks of R molecules. A removed for clarity. View along the b axis.

disordered m--'m stacks (centroidging 3'-:centroidging 1
3.5297(12) A and 3.5090(12) A, centroidging »°*-centroidging »:
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 B1 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 (centroidouering 2°**CeNtroidouering
1: 3.684(3) A, centroidging 2 -centroidging 2: 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---O1: 2909(3) A; N2-H:--N6: 2937(3) A and N8-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.
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a)

b)

)
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. c) n--'n contacts between C and R. View along
the b axis.

Further, weak hydrogen bonds C-H:--O (C11-H:--O1:
3085(3) A) between adjacent R molecules are present as well.
The resulting layers are parallel to the bc plane. n---n stacks
between co-facially adjacent flavin molecules govern an
expansion along the a 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 m---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 via short N---I contacts. The R:C co-crystal
contains n---m contacts between the co-former molecules and
R. These stacked arrangements are further connected by
hydrogen-mediated donor-acceptor-donor three-point
bonding motifs via 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=O group at a
105.76° angle between both interactions. The O6-H:--O2
(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---O2 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-S15 in the ESL{ 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-H---A 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-HS8A---02 0.99(3) 1.96(3) 2.938(3)

Table 3 - n stacking distances in R and multicomponent crystals

Structure T ne-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 3'" 4.1262(16)
Ring 3-Ring 3" 3.9787(15)
Ring 1-C'f 3.5814(15)

Hex1-y1-zi-x1-y1-z%2-x1-y,1-2
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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 Tx.,; = 130 °C causing a
mass loss of 28% and the decomposition point of R is
shifted to Tgr.a. = 343 °C with a mass loss of 47%. The
thermogram for R:B exhibited two distinct endothermic
processes starting at Tr.p; = 117 °C and Tg.p, = 348 °C,
which could be clearly assigned to the respective
components of the co-crystal. Tg.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.cy; = 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 Tr.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 (lep = 733
nm), the co-crystals R: A, R:B, and R:C showed blue-shifted
emission bands with maxima at Ao = 638 nm for R: A, A53°

Fig. 7 R, R:A, R:B, and R:C under daylight (top) and excited at lexc =
366 nm (bottom).
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Fig. 8 Experimental emission solid-state spectra of R, R:A, R:B, and
R:C (lexc = 423 nm) at room temperature.

= 643 nm for R:B, and /lga* = 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 ESLf 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. S26-32), 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. S20-S22 in the ESIT).

Table 4 Photophysical data for R and its co-crystals in the solid state and solvent environment: Solid-state luminescence lifetimes 7, excitation 0 ess

max max

max

and emission Jemss Maxima in the solid state, absorption A5gssow @and emission Agmsow Maxima in chloroform (CHCls), acetonitrile (ACN), and methanol

(MeOH)

Solid state Solution

T lmax imax j-ar;l])z"s),(solv [nm] j-(renrrz:f(solv [nm]

€xc,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 cm ). 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---n 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 n--m
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, upon comparison with the solvent-based
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.

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 n---n 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 rates with decreasing emission 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 theoretical
predictions. Overall, our findings indicate a way of

tailoring the optical properties of flavins with the aid of
crystal engineering.
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