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Abstract

Melamine cyanurate and melamine barbiturate self-assembled materials were pre-
pared and studied by the electron paramagnetic resonance (EPR) spectroscopy,
optical and scanning electron microscopy, X-ray powder diffraction (XRD). Both
optical and electron microscopy show the formation of microscale crystalline par-
ticles possessing complex layered structures with a highly stable appearance. Both
assemblies tend to form twinned crystals, which in the barbiturate case leads to
multiple twinning in every particle. Optical microscopy shows high anisotropy and
birefringence of both materials. XRD data represent a high crystallinity of mela-
mine barbiturate and much lower for melamine cyanurate. Studied materials reveal
the ability to incorporate radicals that correlate with their crystal structure quality.
It is attributed to the structure-dependent stabilization of active radical superoxide
species in structure voids or defects. In the example of melamine barbiturate, it is
shown that the number of active paramagnetic centers increases at ca. 22% when a
substance is irradiated with UV 4 Vis light. It reaches saturation in approximately
20 min, whereas only ca. 14% decrease was observed in a week.
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1 Introduction

The pronounced radical activity of substances that do not exhibit homolytic bond
break at mild stress and do not produce radicals themselves is an intriguing ques-
tion. Such behavior may result from several causes, such as intensive irradiation
of biological samples [1], or paramagnetic probe injection [2]. Such injection of a
sensitive probe into a structure is a powerful method of the local structure investi-
gation. For example, semiconductor silicon surface bombardment with protons [3]
reveals not only a number, but also a local surrounding of defects and their type. Not
only that, crystals are known to stabilize radical states and significantly change their
properties [4]. Electron paramagnetic resonance (EPR) studies of glasses treated
with ion irradiation make it possible to identify ion surroundings and, therefore,
to describe prevailing local glass microstructures [5]. EPR signal of a stable crys-
talline structure doped with EPR-active ions is sensitive to the geometry of incor-
porated admixture and gives an insight into forces, stabilizing their structures [6].
Spin labels can even be used to solve microstructural problems for such dynamic
structures as ionic liquids [7]. Thus, magnetic spectroscopy methods could provide
substantial information for investigation of structural and dynamic peculiarities of a
wide array of complex systems. We propose two host—guest systems able to encap-
sulate active oxygen species and accordingly active in EPR.

Melamine cyanurate (M-CA) is one of the most stable organic self-assemblies.
Its structure consists of infinite hexagonally packed layers (Fig. 1a) composed of
altering melamine (Fig. 1c) and cyanuric acid (Fig. 1d) molecules. Each molecule
is connected with three neighbors with rigid triple hydrogen bonds [8]. Layers are
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Fig. 1 Schematic structure of M-CA sheets (a), M-BA sheets (b), structural formulas of melamine (c),
cyanuric (d), and barbituric acid (e). The order of numbering of atoms in the ring is indicated for the lat-
ter case
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stacked one over another and held together mostly by hydrophobic interactions and
n-stacking [9]. The extra stability of M-CA symmetric structure leads both to the
extremely low solubility of a compound in water or unipolar solvents and to an
instant formation of a fine powdery suspension of stoichiometric M-CA at concen-
trations less than 10~ M. This ability is used as an analytical reaction for both quali-
tative and quantitative determination for both reagents [10].

Melamine barbiturate (M-BA) (Fig. 1b) is a close analog of M-CA in the nature
of formation. However, it possesses some significant distinctions. The most crucial
is the asymmetry of the barbituric acid molecule (Fig. 1e) which leads to lowering
the symmetry of 2D sheets composing M-BA crystals [11]. Another significant dif-
ference is the acidity of C5 carbon of barbituric acid and accordingly much higher
pK, compared to cyanuric acid [12]. The higher acidity in turn leads to better solva-
tion of an individual molecule. The asymmetry of barbituric acid molecule suggests
two unequal directions where a bond between carbon-based hydrogen of barbitu-
ric acid with melamine is much weaker than that of nitrogen-based hydrogen. The
inequality of the attachment modes of a new molecule to the crystal’s surface may
lead to the emergence of unoccupied sites in the structure and generation of active
centers capable of specific adsorption, such as cationic or radical incorporation, into
the structure. The third significant distinction is a high (up to 10 mol/l) solubility
which allows recrystallization processes and defects healing during crystal growth.

Neither cyanuric nor barbituric acid, or melamine is reported to reveal any sig-
nificant radical activity in a free state and, thus, an EPR activity of their structure
is attributed to structural effects of their binary self-assemblies. Therefore, the EPR
investigation of these systems was the main aim of this work.

2 Experimental

Barbituric acid (C4H4N203, 99.0%, Sigma Aldrich), cyanuric acid (C3H3N303,
99.0%, Sigma Aldrich), and melamine (C3H6N6, 99.0%, Sigma Aldrich) were pur-
chased and used without further purification. Deionized water was used as a sol-
vent. 20 mM solutions of melamine, cyanuric, and barbituric acids in water were
prepared in advance. Powders were precipitated from solutions in 1:1 volumetric
ratios. When solutions were mixed, an opaque insoluble precipitate is formed. All
the samples were centrifuged, the supernatant was drained and the resulting powders
washed with deionized water three times, then dried on air. Three sets of experi-
ments were performed to confirm the reproducibility of the results.

X-ray powder diffraction (XRD) data of melamine barbiturate and melamine cya-
nurate were collected by Shimadzu XRF 600 with Cu Ka radiation from diffraction-
less silicon as a substrate with a speed of 1 degree per min. All calculations were
made using regular Shimazu software.

Scanning electron microscopy (SEM) studies were performed with a Tescan
Vega scanning electron microscope. Optical photos were acquired at Leica 4500P
and Zeiss Axioscope Al equipped with UV source.

The EPR spectra were recorded at room temperature with a Bruker spectrom-
eter ELEXSYS-ES00 (X-band, the sensitivity up to 1011 spin/G). Parameters of the
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spectrometer were set as follows: modulation frequency, MF=9.662 GHz, modu-
lation power, MP=0.2 mW, modulation amplitude, MA =2.00 G, due to the line
width of each single line was ca. 7.0 G.

For investigating the photoactivity and behavior of paramagnetic centers (PCs),
the samples were illuminated directly in the cavity of the spectrometer with the use
of 50 W high-pressure mercury lamp. The concentration of PCs was evaluated using
CuCl, x 2H,0 monocrystal with a known number of spins as the standard. From the
EPR spectra, g-factor values and line widths AH of the observed PCs were deter-
mined using a computer program package developed and kindly provided by Prof.
A. Kh. Vorob’ev (Chemistry Department, M. Lomonosov Moscow State University)
[13].

3 Results and Discussion

Two sets of powders were prepared in aqueous solutions and dried. All the sam-
ples were studied using optical and electron microscopy. Both methods show sig-
nificant distinctions in particle appearances. M-CA forms spindle-like elongated
particles 0.2—-0.5 um in width and up to 20 um in length. Twinning is detected for a
small fraction of crystals (Fig. 2a), slight cleavage is observed at high magnification
(Fig. 2c). M-BA forms highly twinned star-shaped polycrystalline aggregates with
smooth edges with a size of 20—100 pm and no expressed cleavage (Fig. 2b, d).

The particles possess similar shapes which indicates the existence of a single
structural type and, accordingly, the formation in a single ratio of components. To
determine this ratio, we used the acid-base properties of M (pK,=5.0) [12], CA
(pK,;=6.88) [14] and BA (pK,;=4.01) [15]. Any reaction between them will
expend components and, accordingly, affect the pH of the medium. Titrating one
component with another, titration jumps should be observed when the content of
the components is equal to the ratio necessary for the formation of the compound.
Such titrations show the existence of a single inflection point on the curves starting
both from melamine or acid solution. All inflection points correspond to 1:1 ratios
(Fig. 3). The case of barbituric acid has peculiar points in the first moments of titra-
tion, associated with a delay in the formation of particles. This may be due to the
existence of a kinetically inhibited nucleation stage [16].

Imaging in a polarized light shows lingering crystalline orientation within a sin-
gle grain, distinct anisotropy, and high birefringence. Color zonation of particles
in polarized light for M-CA is caused by light interference in thin films (Fig. 4a).
Polarized light also shows anisotropy and a high birefringence (Fig. 4c).

Luminescent microscopy shows weak luminescence in a blue region. The
intensity distribution is uniform in M-CA particles (Fig. 4c), whereas M-BA
particles demonstrate an increase in luminescence towards the ends of the crys-
tals (Fig. 4d). Diffusion-driven model of the particle growth suggests a gradual
decrease in growth speed [17] up to a point where the growth rate is equal to
a dissolution rate. Local depletion of the feeding solution in the dissolved sub-
stance in turn leads to a free Gibbs energy of the process decrease following
Van’t Hoff isotherm equation. This phenomenon can also be accompanied by
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Fig.2 SEM images: a, ¢ M-CA crystals; b, d M-BA crystals

a higher-impurity incorporation rate. It can be described by the relative slow-
down of the main reaction of a particle’s growth while competing impurity cap-
ture reaction rate remains the same. In a certain range of reaction conditions, the
impurity capture process may take on an oscillatory appearance [18].

The spatial non-uniformity of luminescence within one M-BA particle may
indicate two different scenarios. Either this ability is greatly influenced by exter-
nal environmental factors or even it is not an integral characteristic of the mate-
rial at all but is caused by some external factor. It has been suggested that, during
growth, a particle can trap and accommodate impurities from the solution.

EPR spectra were recorded for the samples. In both cases, a signal is detected
(Fig. 5). Positions of the signals are found at g ~ 2.003+0.002 and their shape is
characteristic of organic radicals similar to those observed in [19]. Similar radi-
cals were attributed as products of the homolytic braking of C-H or C-C bonds in
organic compounds in [20, 21]. A signal of the empty resonator denoted with a star
in Fig. 5 can be used as a reference with g;=2.000. The spectrum of M-BA is shown
for the comparison (Fig. 5¢). One can see that the number of spins (PCs) noticeably
depends on the sample. The spectrum of M-BA in Fig. 5 has been recorded with one
scan, while for both M-CA spectra, a six-scan accumulation was used, and also the
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Fig. 3 a Potentiometric curve of titration of melamine by cyanuric acid (red line) and vice versa (black

line); b Potentiometric curve of titration of melamine by barbituric acid (red line) and vice versa (black
line) (colour figure online)

receiver gain coefficient was increased threefold. Considering this, the content of
radicals in M-BA determined as 5 x 10'¢ spin/g, we can estimate such value of PCs
in M-CA, [R],, as ca. 6 x 10'* spin/g, i.e., rather negligible compared to M-BA.
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Fig.4 a, b M-CA and M-BA crystals, respectively, in polarized light; ¢, d M-CA and M-BA crystals
luminescence

Comparing EPR spectra of the M-CA to M-BA, we observed g-factor coinci-
dence within the margin of error; however, M-BA demonstrated two orders of mag-
nitude higher signal intensity. Due to low intensity and small signal-to-noise ratio,
we did not detect the influence of UV—Vis light irradiation on the radical concen-
tration after 16 min of illumination (see Fig. 5b) in contrast to M-BA. M-BA EPR
spectrum intensity is significantly increased under UV—Vis irradiation with rather
small changes of the spectrum shape seeing in Fig. 5. Signal intensity increases
by ca. 14+2% and reaches saturation after approximately 20 min of illumination
(Fig. 6, inset). We suppose further intensity increase is offset by radical recombina-
tion processes, i.e., by achieving the generation-recombination equilibrium.

Irradiated samples being held in dark conditions just after stopping light expo-
sure show a very slow decrease of the EPR signal intensity; after 7 days, it did
not achieve the initial level. This dramatic difference in speed means that M-BA
accommodates and stabilizes radical species. However, such accommodation
does not include significant electronic interactions with M-BA, especially with
nitrogen atoms, since no signs of the signal splitting caused by hyperfine interac-
tion with '“N nuclei (the nonzero spin /N =1) are detected. As well as in case of
M-BA for M-CA, no hyperfine interaction is observed.
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Fig.5 EPR spectra at 298 K of M-CA initial (a), after 20 min of UV + Vis light irradiation (b), and
M-BA in dark (c). A star depicts a line of the EPR cavity signal
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Fig.6 EPR spectra of M-BA initial (a) and being irradiated with UV + Vis light after 7 (b) and 20 min
(c) of exposures. Inset shows the radical accumulation kinetics under light exposure
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Neither M-CA nor M-BA contains a part remote from 'H or N that they can
host the radical generating singlet signal. This is a clear evidence of external source
of radical species. Since no other reagent except melamine, cyanuric acid, barbitu-
ric acid, water and dissolved oxygen are present in reaction media, we believe that
superoxide radical or related oxygen-centered species stabilized in self-assembly
structure is responsible for the EPR signal.

Differences in signal strength of M-BA and M-CA are in good accordance with
mean particle’s size and are opposite to specific surface area value of substances
which may be considered as evidence that the EPR signal is generated by a specie
that is located in the bulk matrix, and not on the surface of the particle.

To estimate the structural effect, XRD patterns of both M-CA and M-BA were
studied (Fig. 7). An assumption was made that the XRD data are not affected by
particle sizes because significant peak broadening is observed for crystallites less
than 0.2 um in diameter. M-CA diffraction pattern contains a set of broad peaks. The
most intensive corresponds to d=8.24 A, which is a doubled value of reported inter-
layer distance for M-CA [9]. There are three repetitions of the peak at doubled and
tripled angles which indicate dense layers as a main motif of the structures, whereas
other peaks are much less pronounced. The crystallinity parameter calculated based
on diffraction peaks shapes for M-CA powder is only 52.6%. The M-BA structure
generates a significantly richer XRD pattern, which probably indicates a decrease in
the symmetry of the structure, with sharp diffraction peaks. The main peak is close
to that one of M-CA and corresponds to d=7.93 A. Five repetitions are detected
at higher angles. The calculated crystallinity parameter is 89.2% and it lays in the
range, typical for highly crystalline materials.
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Fig.7 M-CA (red line) and M-BA (black line) XRD patterns comparison
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4 Conclusion

Two self-assembly materials were studied. They were found to form crystalline
precipitates in 1:1 ratios and possess similar optical properties, such as anisot-
ropy and birefringence. In the present work, we report surprising luminescent
behavior and singlet EPR signals with g = 2.003 +0.002. UV-Vis light irradia-
tion is found to enhance radical concentration in M-BA from 6 x 10! to 7.8 x 1016
spin/g in 20 min of illumination. Relaxation is significantly slower and the inten-
sity does not reach the initial level even after leaving the sample for 7 days in
the dark. XRD data analysis shows higher crystallinity of the sample with higher
intensity of the EPR signal. We associate this behavior and the appearance of
the EPR activity with accommodation of radicals in the layered structure of self-
assemblies in interlayer space or structure voids with no direct electron exchange
with M-CA or M-BA itself.
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