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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:3H,0).

I I
N N N 0
H3C/ =
Ring2 | Ring3
P NH
HsC 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 MultiWFEN 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 R:HCOOH 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 [°26]: 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 [em ™ 1]: 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,O could be reproduced confidently via a solvent evaporation method.
Bragg reflections [°26]: 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,O:AcOH): Red, block-
shaped crystals of R:H,0: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 (Cedar Park, TX, USA) was used for powder X-
ray diffraction (PXRD) measurements in /20 geometry at ambient temperature (20 °C)
using Cu-K« radiation (A = 1.54182 A). Single-crystal X-ray diffraction (SCXRD) mea-
surements were carried out on a Bruker APEX Duo diffractometer 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 diffraction system with a HiPyx
6000 photon detector, and micro-focus X-ray tube with Cu-Ko radiation (A = 1.54182 A)
measured at 100(2) K for R:iHCOOH. Cell refinement, data collection, and data reduc-
tion on the Rigaku Synergy-S system were performed with CrysAlisPro [25]. On the
Bruker APEX Duo, data collection and cell refinement 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:3H,0, and R:AcOH:H,O and SHELXT 2018/2 [28] for
R:HCOOH. 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 [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 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 with an ATR-unit at ambient
temperature (25 °C) in the range between 4000 cm ! and 400 cm ™.

2.5. Chemicals

Roseolumiflavin was synthesized as reported previously [1]. Formic acid (>98%)
and acetic acid (>99.8%) were purchased from Sigma-Aldrich 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 .win files were generated
by a density function theory (DFT) method using Gaussian16 [31] at a BSLYP/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) PWSCEF 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 “relax” 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
(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%(S), N2-H2---06: 2.828(6) A and N7-H7---02:
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 (centroidoyt:--centroidgyt: 3.796(3) A,
centroid migdie---centroidmiqqe: 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 C14H15N5O2, C02H2 C14H15N502, C2H402 C14H15N502, 3(H20) C14H15N15_I(zg C2H402/
Molecular weight 331.33 345.36 339.36 363.38

[g/mol]
Temperature [K] 100(10) 140(2) 140(2) 140(2)
Space group P2, P1 P1 P2, /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)

c[A] 18.9737(6) 14.0559(12) 12.685(11) 15.2510(19)

o [°] 90 73.647(5) 79.26(3) 90
B [°] 93.755(3) 77.917(5) 74.75(3) 1689.5(4)

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

Pealc [8/ cm?] 1.525 1.428 1.474 1.429
p[1/mm)] 0.953 0.106 0.114 0.108

Tmin/ 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 ) MoK« ) MoK« ) MoK« )
(A=1.54184 A) (A=0.71073 A) (A=0.71073 A) (A=0.71073 A)
Ry /wR; 0.0527/0.1474 0.0534/0.1584 0.0796/0.2499 0.0432/0.1205

) A M

(b)

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

View along the a-axis. (b) Propagation of 7---7t 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 7t---7
stacks (centroidgys---centroidous: 3.5008(14) A, centroidmigdie- --centroid miggie: 3.4567(13) A).
The stacks build up brick layer structures in the crystal packing connected by offset 7t---7
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 bc-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:--O3: 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 P1 space group with one R and three water molecules in an asymmetric unit
cell (Z=2,7’ =1). Rmolecules align via 7t---7t interactions along the crystallographic a-axis
and construct slip-stacked interaction geometries (centroideyt **centroidoyt: 3.678(4) A and
3.597(4) A, centroid pigdre -centroidmiqdie: 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---05: 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 [R}(12)], constructed of two R and two water molecules
each, form a zig-zag chain Ci’(lO)[[Ri(l2)]O5, [Rji(l2)]o4] (Figure 3a). The third ring system
[Rﬁi(lO)]Og 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;/c
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---O4 (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
717t connections (centroidgyt---centroidoye: 3.5732(10) A, centroid piddie- - -centroidmigdie:
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3.5545(9) A) 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) A). 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%(lO)). Those are mainly induced by water molecules serving as a mediator between
the carbonyl groups of two flavin molecules (O5-H---O3: 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,O interacts with water molecules giving different tetrameric
ring motifs; those build up hydrogen-bonded chains (Ci (10)[[R3(12)]O5, [Rﬁ(lZ)]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.

R3(10)2

g2
s =

3 hce

@ (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 7t---7t
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)

10 20 30 40 50
201[°]

Figure 5. Experimental powder diffraction patterns of R:AcOH, R:3H,0, R:HCOOH in comparison
toR.

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 T 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»0O 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
Thcoon=119 TR:/371 —R

\

\) /
Trcon=103
Ty=353
\\
\ //
Ty 0=48 T=288

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

Offset mass [wt%]

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.



Crystals 2023, 13, 1512

9of 15

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 (Ej,;) 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 kJ/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 kJ/mol. A noteworthy observation is the relative positioning of energies
for R:AcOH:H,0 with Ej,; 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 kJ/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,t), strongest pairwise interaction energies (E¢ot)
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,O0, and R:3H,0.

Quantum Crystal
AIM
Espresso Explorer Intermolecular
Structure .
Ejat Eiot BEcstimated Interaction
[k]J/mol] [k]J/mol] [k]J/mol]
—-1134 - cofacial 7t---7t stack
—-127.1 - cofacial 7t---7t stack
R —181.06 434 ~19.34 N2-H.--02
—-19.34 N2-H---02
—5.56 C11-H---O1
-5.11 C13-H---0O1
—365 —2.32 C13-H---N1
—-2.09 C6-H---O1
-31.15 0O3-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
—8.95 C28-H---06
—332 —4.88 C13-H---O5
—110.0 - cofacial 7t---7t stack
—70.5 - offset 7t---7t stack
R:AcOH —283.55 —64.9 - offset 7t---7t stack
620 —35.95 02---H-O3

—21.02 N2-H---O4
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Table 2. Cont.
Quantum Crystal AIM
Espresso Explorer Intermolecular
Structure .
Elat Etot BEestimated Interaction
[k]/mol] [kJ/mol] [k]/mol]
—116.3 - cofacial 7t---7t stack
—70.5 - offset 7t---7t stack
R:AcOH:H,0 —352.46 _348 _2338 O4...H-O5
—30.8 —3.57 03---H-C1
—110.7 - cofacial 7t---7t stack
—104.6 - cofacial 7t---7t stack
—32.6 —0.92 C6-H---O2
R:3H,0 —395.82 269 C11-H..-O2
—32.4 —2.60 C13-H---02
—18.35 O1---H-O4
—26.5 —22.94 O1---H-O5
—25.1 —30.11 N2-H---O5
—18.0 —10.68 N3.--H-O4

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 Eiot, which encloses the sum of electrostatic (Eeje), polarization (Epq),
dispersion (Eg;s), 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---7 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 ---7 stacked units with total inter-
action energies around —110 kJ/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 kJ/mol the more the stacks are offset in the arrangements present
in R:AcOH, R:AcOH:H;O. 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:3H,0O exhibit highest E.: values between
—30 to —43 kJ/mol, being clearly outnumbered by the 7---7 stacking. The RR-HCOOH
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structure stands out of all investigated systems with an absolute value of the 7---7t 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 7r---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 kJ/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 kJ/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;0O, 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 kJ/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,O, 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 kJ/mol.
Lastly, in RRHCOOH we identified strong HBs between acid units and the flavin with
—31.15 (O3-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 kJ/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 kJ/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
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R:AcOH:H;0, R:AcOH, and R:3H,0. Noteworthy, the RRHCOOH 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 - - - 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,0O, and longest distances in R:HCOOH. See Table 3 for the
respective values.

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

Structure TC- - -TC 7t - [A]
R Ring 2-Ring 3 1 3.576(4) and 3.6280(13)

. Ring 2-Ring 2 1 3.4567(13)

R:AcOH Ring 1-Ring 3 i 3.5008(14)
RSHLO Ring 2-Ring 2 il 3.697(4) and 3.678(4)
- Ring 1-Ring 3 " 3.678(4) and 3.597(4)

. . Ring 2-Ring 2 1ii 3.5545(9)

R:AcOH:H,0 Ring 1-Ring 3 1ii 3.5732(10)

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

—x,l—y,l—z;i" —1+xy,zand1l+x,y,z

i1 -x,1-y1 —z;ii -x,1-y, —g; i

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 Ej,; decreases along the row R > R:HCOOH > 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 R:HCOOH and R:3H,O, respectively, merely
differ by ca. 0.2 A in 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 kJ/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:3H,0 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 RRHCOOH crystal lattice differing significantly from those of
the other compounds. From the one side, RRHCOOH 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 Eiot due to a positive electrostatic component (see Table S5 in ESI for the detailed
information of the components of Eiy), 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- - - 7t 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 7t- - - 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 k] /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:3HO 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 R:-HCOOH,
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,O compared to simulated pattern from single crystal data; Figure S4: Experimental
powder pattern of R=HCOOH 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,0O. View
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along the crystallographic a-axis; Figure S8: Asymmetric unit of R:AcOH:H;O. 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 RRHCOOH;
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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