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Abstract

:

Supramolecular organic systems can be used as a host for the encapsulation of small organic molecules. Here, we chose melamine barbiturate as a robust system capable of supramolecular assembly and the Rhodamine 6G dye entrapment as a guest molecule. The encapsulation of the dye was investigated by UV-visible spectroscopy, SEM and optical fluorescent microscopy while the insight into the crystal structure of the system was obtained by single crystal and powder XRD. For investigation of the system’s properties on a molecular level, the DFT and Classical Molecular Dynamics methods were utilized. Surprisingly, both theoretical and experimental data show not only the successful encapsulation of Rhodamine 6G molecules inside the supramolecular assembly, but also that inclusion of such molecules leads to the drastic improvement in the organic crystal shape. The melamine barbiturate in presence of the Rhodamine 6G molecules tend to form crystals with lesser degree of twinning and higher symmetry in shape than the ones without dye molecules.
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1. Introduction


The growth in life expectancy and quality of life in recent years has led to the emergence of new approaches in medicine. Recent advances in healthcare stand on the principle of treatment of a target organ or even cell with minimal impact on neighboring tissue. Such an approach set an ambitious task on material science to produce highly functional and at the same time biocompatible materials for a directed and controlled delivery and release of a drug molecule. Such materials must have a number of characteristics: biocompatibility of both the material itself and its components and metabolites, sufficient resistance to external factors and functional transition under gentle conditions [1,2].



Small organic molecules in general and triarylmethane dyes (such as fluorescein) can be used as drugs-like substances for investigating the system for drug encapsulation [3]. Dye molecules are widely used as target objects for encapsulation into various supramolecular structures—whether for protecting them from aggregation or photochemical degradation [4] or for investigating the host-guest chemistry and encapsulating properties of various supramolecular systems [5]. Also, the inclusion of dyes into crystalline lattices of organic substances have been reported for the improving properties of photonic crystals [6,7]. Fine structure-based tuning of photonic properties of organic dyes is shown for 1D zeolites [8]. Moreover, it was shown that the Rhodamine 6G dye molecule (Figure 1a) was used as a guest molecule for investigating the energy transfer inside different supramolecular hosts [9,10]. It was reported that the presence of polyelectrolytes and stirring conditions during crystallization together positively affect the shape of resulting crystals [11]. While polyelectrolytes effectively salt out crystallizing substances, local stirring promotes the growth of crystals with larger linear size.



The systems for encapsulation and drug delivery vary in their mechanism. Some utilized the core-shell structures and some that allow the encapsulation in the structure with the specific adsorption, such as π-systems [12]. The growth of nonorganic crystals is related to the thermodynamic equilibrium which can be shifted by the inclusion of various substances. Such a mechanism is good for controlling the shape of the crystals but can completely halt the growth [13]. The cooperative growth of the supramolecular assemblies with the formation of the π-planes for the adsorption is a very prospective field of study since such methods allow the usage of a wide variety of substances and do not require their initial assembly into the standalone aggregates.



It was shown previously in our work that melamine barbiturates (Figure 1b,c) are capable of forming the highly ordered supramolecular assemblies [14] that can encapsulate some amount of small organic molecules (such as dyes). The in-depth analysis of a very similar supramolecular assembly of melamine cyanurate has shown that stabilization of such self-assembly occurs predominantly via π-π stacking [15]. Melamine barbiturates (M-BA) exhibit several remarkable properties, such as structure-dependent radical trap activity or inhomogeneous luminescence [14,16]. The M-BA structures are considered as candidates for drug delivery systems: the systems based on barbiturate derivatives were proposed as drug-delivery systems [17]. In addition, the similar system, melamine cyanurate, was reported to be promising as a molecule guest box [18]. In its simplest expression, the supramolecular assembly is two or more molecules that join together by noncovalent bonds to form a supramolecule. The range of possible supramolecular structures depends on the strength of interaction between molecules, stable structures with covalent-like bonds as well as quasi-stable assemblies that may be obtained. Therefore, we decided to use a melamine barbiturate supramolecular system as a host for encapsulating triarylmethane dye Rhodamine 6G (Rh6G).



Consequently, this study aims to investigate the processes of encapsulation of Rh6G dye in the supramolecular structures of melamine barbiturate: at the early stages of nucleation and during crystal growth in aqueous solutions. Therefore, the relevance of this work also lies in the creation of systems capable of encapsulating drugs and their use in the targeted delivery of drugs. Moreover, our study aims to fill the existing knowledge gap in the understanding of the early stages of growth of binary self-assembly materials. This may enable controlled nanoengineering of materials with desired properties.




2. Materials and Methods


Reagents. Melamine (M) (C3H6N6, 99.0%, Sigma Aldrich, St. Louis, MI, USA), barbituric acid (BA) (C4H4N2O3, 99.0%, Sigma Aldrich), Rhodamine 6G (Rh6G) were purchased at Sigma Aldrich, sodium hydroxide (NaOH) (98.0%, Acros Organics, Fair Lawn, NJ, USA) was purchased at Acros Organics. All the solutions were prepared using Millipore Elix, Burlington, Columbus, NJ, USA (18 MΩ·cm2/cm) deionized water.



Sample preparation. Crystalline Rh6G containing M-BA samples were prepared by mixing 20mM solutions of either melamine or barbituric acid containing similar concentrations of Rh6G dye (0; 10−7; 10−6; 10−5; 10−4 M) cooled to 10 °C with intensive stirring. Subsequently, the powder precipitation supernatant was decanted and the remaining powdery M-BA was centrifuged and washed three times, until the discoloration of wash waters, and left in deionized water overnight to remove the residual adsorbed dye. Finally, the powder was washed and dried.



The adsorption control experiment was prepared using pure M-BA crystalline powders prepared as described above, without Rh6G presence. The powders were stored in a solution containing (10−7; 10−6; 10−5; 10−4 mM) for a week and then were rinsed three times and dried.



UV-Vis spectroscopy. All of the spectra were acquired with the Shimadzu UV-1800 UV-spectrophotometer. Prior to all concentration measurements, a series of calibration solutions (pH = 10) of Rh6G was prepared from dry powder and NaOH solution, a calibration curve (Figure S1) was plotted.



15 mg of Rh6G containing powders were dissolved in 3 mL of NaOH solution (final pH = 10), and its absorbance was measured against pure M-BA solution in NaOH. Concentration was defined from the calibration curve and the final mass of Rh6G in M-BA and its mass fraction was calculated.



Microluminescence spectra for Rh6G solution at different pH and solid state M-BA and M-BA-Rh6G crystals were acquired using Zeiss Axio Imager. A2m equipped with Ocean Optics QE Pro spectrometer (excitation by HAL 100 and HBO 100).



Scanning electron microscopy and fluorescence microscope images of M-BA crystals with Rh6G. Scanning electron microscopy (SEM) studies were performed with a Hitachi S-3400N scanning electron microscope. Optical photos were acquired at Leica 4500P equipped with halogen UV-source and a red luminescence filter (546 nm excitation, 585 nm emission).



Powder X-ray diffraction. X-ray diffraction (XRD) measurements of a set of M-BA samples were performed on Shimadzu XRD 6000 with Cu Kα radiation from diffractionless silicon as a special substrate for the sample with a speed of 1 degree per minute. All calculations were made using regular Shimazu software.



Single crystal X-ray diffraction. Single crystal X-ray diffraction studies were performed at 100 K using an XtaLAB Synergy-S diffractometer (Rigaku Oxford Diffraction, Oxford, UK) equipped with a hybrid photon counting HyPix-6000 detector that was operated with monochromated, microfocused CuKα radiation (λ[CuKα] = 1.54184 Å) at 50 kV and 1.0 mA. The data obtained were processed and normalized for polarization, Lorentz, and background effects. The CrysAlisPro [19] program was utilized to perform an empirical absorption correction based on spherical harmonics implemented in the SCALE3 ABSPACK algorithm. The unit-cell parameters (Table S2) were obtained via refining using the least-squares algorithms. The SHELX program [20,21] incorporated in the OLEX2 program package [22] was applied to refine the structure previously solved by a dual-space algorithm. The finalized model incorporated coordinates and anisotropic displacement parameters for all non-hydrogen atoms. The coordinates of carbon-bound hydrogen atoms were found from different Fourier maps and were included in the refinement without any restraints with individual isotropic displacement parameters. Supplementary crystallographic data were uploaded into the Cambridge Crystallographic Data Centre and can be found by quoting the CCDC 2087674 via www.ccdc.cam.ac.uk/structures/ (accessed on 15 May 2021) (see Supplementary Materials).



Quantum chemical computations. The full geometry optimization for all model structures was carried out at the B3LYP-D3/def2-SVP level of theory with the help of the Orca 4.2.1 program package [23]. The RIJCOSX approximation [24,25] utilizing def2-SVP/C auxiliary basis set and spin restricted approximation were employed. The convergence tolerances for the geometry optimization were energy change = 5.0 × 10−6 Eh, maximal gradient = 3.0 × 10−4 Eh/Bohr, RMS gradient = 1.0 × 10−4 Eh/Bohr, maximal displacement = 4.0 × 10−3 Bohr, and RMS displacement = 2.0 × 10−3 Bohr. The couple perturbed self-consistent field (CPSCF) equations were solved using the conjugated gradient (CG) method with convergence tolerance on a residual of 1.0 × 10−6 Eh. The Hessian matrices were calculated for all optimized model structures in order to prove the location of correct stationary points on the potential energy surfaces (no imaginary frequencies were found in all cases) and to estimate the thermodynamic properties (viz. enthalpy, entropy and Gibbs free energy) for all model systems at 298.15 K and 1 atm. Cartesian atomic coordinates of all model structures are presented in Supplementary Materials.



Molecular dynamics simulation details. Molecular dynamics simulations of M-BA association with Rh6G were performed utilizing the GROMACS program package [26]. Interatomic interactions were described by the OPLS-AA/CM1A force field [27] with topology and charges generated by LigParGen [28,29,30]. For the water model, the rigid non-polarizable TIP3P [31] model was used. A cut-off for non-bonded and long-range interactions was 1.2 nm. For the calculation of long-range Coulomb interactions, the Particle-Mesh Ewald was used [32]. Energy minimization was performed with the steepest descent algorithm. Simulations were performed in the NPT ensemble at T = 300 K and P = 1 atm in the cubic unit cell (approximate 85 × 85 × 85 A3). The integration timestep for trajectories’ calculations was 2 fs, for relaxation 0.5 fs. Spatial distribution functions and dimer existence autocorrelation functions were calculated from the resulting trajectories using the TRAVIS program package [33].




3. Results and Discussion


3.1. UV-Vis Spectroscopy of Rh6G Containing M-BA


Dye containing M-BA particles are explicitly colored with the intensity increasing together with the concentration of Rh6G in the initial solution. To quantitatively estimate the amount of dye encapsulated in a structure, we applied the UV-Vis method (Figure 2a). As expected, the amount of the included dye increases, however, the encapsulation curve does not obey linear dependence with a downward deviation in the high concentration region, which suggests the existence of saturation concentration (Figure 1b). This also correlates with X-ray data, which do not show structural changes or rise in a structural disorder with the increase in impurity content, which also does not support the idea of infinite accommodation of Rh6G in a rigid M-BA structure. The control experiment (Figure S2) showed that adsorption on the M-BA surface does not make a significant contribution to the dye content in the powder.



Quantitative estimation of a fraction of Rh6G is based on the dissolution of a certain mass of M-BA and complete release of incapsulated dye and subsequent calculation of the dye concentration in the solid powder. This approach gives a ratio of a maximum of 3.2 molecules of Rh6G to 1000 M-BA blocks. It can be represented as the average distance between two Rh6G molecules being no more than 11 M-BA dimers. This estimation shows the surprising stability of the M-BA supramolecular assembly structure.



The comparison of luminescence spectra (Figure S3) of Rh6G solution (C = 10−5 mol/L) and different pH (1.68; 4.01; 7.01; 9.18; 10.01) and solid state M-BA-Rh6G reveal that while the spectra of Rh6G at different pH seem to be the same, the solid state spectra of M-BA-Rh6G have a shift approximately of 15 nm in a larger wavelength zone. Such a shift can occur due to the stabilizing effect of neighboring barbituric acid and melamine molecules on a LUMO electronic structure and dipole moment of a Rh6G molecule. Luminescence maximum pH shift measurement of Rh6G solutions indicates that Rh6G-water interactions and Rh6G molecule ionization have a weaker effect on luminescence shift compared with Rh6G-MB interaction.




3.2. Scanning Electron Microscopy and Fluorescence Microscope Images of M-BA Crystals with Rh6G


Both methods show the forming of particles in a microscale range, and both show the same crystallographic appearance of the particles. Optical microscopy unambiguously demonstrates that Rh6G is included in the particles, dying them into pink color; the color varies from white to intensive pink with the rise of concentration of Rh6G in reaction media. Moreover, the prolonged washing of the particles in the deionized water utilizing ultrasonication did not lead to color change which indicates that Rh6G moiety is absorbed in the structure and not adsorbed onto the surface of the particles. Both Figure 3 and Figure 4 show an obvious tendency in simplification of the crystalline particles’ shape toward single crystals in the reaction media containing the highest Rh6G concentration. At the same time, a growth in intensity of luminescence in the characteristic rhodamine channel (excitation 546 nm, emission 585 nm) is observed. Scanning electron microscopy shows the tendency of surface quality raising with the increase in Rh6G concentration. The particle size remains almost the same and thus is not affected by Rh6G inclusion. Figure 1 shows fluorescence microscopy images of melamine-barbiturate crystals with and without the inclusion of Rh6G. The Rh6G presence in the reaction medium leads to BA-Rh6G soluble clusters formation and therefore leading to deficiency of one of the components of the reaction. Such deficiency, in turn, leads to a decrease in nuclei formation rate and crystal growth speed, which influence the resulting shape of crystals.




3.3. Powder X-ray Diffraction


In order to get insight into the crystallinity of the resulting samples and the influence of Rh6G on structure type and quality, powder X-ray diffraction was utilized. The resulting XRD patterns (Figure 5) perfectly match the pattern for pure melamine barbiturate with no excess peak emergency or intensity changes. Moreover, the inclusion of Rh6G molecules inside the crystals does not strongly affect their crystallinity (Table S1) regardless of the number of dye molecules in the lattice. This effect may be related to the fact that Rh6G has a large aromatic ring that can form the π-π stacking with the barbituric acid ring, which leads to the Rh6G being locally injected into the crystalline lattice in place of the corresponding M-BA layer. To get a more thorough look into the processes occurring on a molecular level, we utilized computational methods such as DFT and Classical Molecular Dynamics simulations.




3.4. Single Crystal X-ray Diffraction


Two cif files related to the M-BA can be found in the CCDC database under the 1,185,866 and 1,185,867 deposition numbers. However, the first one does not contain atomic coordinates, has similar unit cell and refinement parameters to the latter file and refers to a paper [34] that describes the structure of another N,N’-diphenylmelamine·5,5-diethylbarbituric acid complex. Thus, it should be pointed that the crystal structure of M-BA was first described in the latter paper of the same scientific group [35] and the first file appears in the database by mistake. Although the structure of M-BA have been reported previously [35], and our study confirms that structural model, the use of good-quality crystals and modern XRD equipment made it possible to refine the structure of M-BA with higher precision.



There are one melamine and one barbituric acid crystallographically unique molecules in the structure of M-BA. Both molecules arrange special sites on the 2-fold axes, which pass through N1–C1–N4 and O1–C3–C5 atoms, thus having half of the atoms as equivalents (Figure 6a). Molecules of melamine and barbituric acid in the structure of M-BA are linked through the system of strong N–H···N and N–H···O hydrogen bonds (Figure 6a), thus forming infinite flat chains. These chains in turn are arranged parallel to each other, forming slabs parallel to the (001). There are two types of such slabs in the unit cell of M-BA, in which planes of infinite chains, and of melamine and barbituric acid molecules themselves, are arranged parallel to (120) and (1–20) with the twist angle between the planes of chains equal to 80.1(2)° (Figure 6b). Such a type of molecular arrangement is not unique and was recently reported, e.g., in [11]. But in contrast to the arrangement of uric acid molecules [36], melamine/barbituric acid complexes do not have additional π-stacking interaction between the flat chains within the slab. Although the normal distance between the mean planes of chains is rather short (3.210(4) Å) and comparative to that in [36] (3.241(3) − 3.311(8) Å), chains in the structure of M-Ba are displaced relative to each other in such a way that the cyclic fragment of one chain in normal projection is arranged opposite the H-bonding system between melamine and barbituric acid molecules in the adjacent chain.




3.5. Quantum Chemistry Calculations


We have investigated the Gibbs free energy of association for small supramolecular complexes with the inclusion of Rh6G. Figure 7 shows the trend of descending energy with an increasing number of M-BA molecules in the supramolecular structure. While M-BA dimer seems to be slightly more energetically favorable than the dimers with the Rh6G, the supramolecular structures with more molecules favor the inclusion of Rh6G. This indicates that the formation of the structures with long-range order is more beneficial energetically with the inclusion of Rh6G molecules. Moreover, it seems that Rh6G tends to bind to BA molecules in the supramolecular structure. Analysis of Rh6G-BA and Rh6G-M dimers shows that the most energetically preferable group for binding of M and BA molecules is an ester group of Rh6G. In this case, the M and BA molecules bind in such a way that they not only form a hydrogen bond with the ester group, but also achieve π-π stacking with the large aromatic plane of Rh6G. Moreover, a quick analysis of optimized geometries indicates that the most stable M-BA associates form with the largest amount of hydrogen bonds possible for the given structure.




3.6. Molecular Dynamics Simulations


Four molecular dynamics simulations were performed utilizing the GROMACS program package: two in the presence of Rh6G molecules and two without these additives. While the DFT analysis provides information about the optimized geometries and stability of small associates in the “idealized” gaseous phase, the Molecular Dynamics simulations expand this information with data on the formation of nuclei and Rh6G integration in the structure of M-BA associates. There were two types of simulation boxes: with and without the Rod6G molecule. The boxes contained 19,000 water molecules, 40 M, 40 BA and 0 or 1 Rh6G. Initially, all molecules were deposited randomly in the unit cell. After that, the energy minimization and quick relaxation at small integration timestep (0.5 fs) for 50 ps were performed. Afterwards, the trajectory was calculated with NPT ensemble at T = 300 K and P = 1 atm for 200 ns.



The data in Figure 8 represent the time-dependent radial distribution functions (RDFs) between centers of mass of M and BA molecules of systems with (Figure 8a) and without (Figure 8b) inclusion of Rh6G molecule. The comparison of the two maps shows that, in both cases, the stable nuclei did not form within 200 ns of simulation, although the formation of a quasi-stable cluster was observed. It seems that the time needed to form the quasi-stable nuclei is larger in the presence of Rh6G molecules. The first occurrence of quasi-stable cluster happens at the 15 ns for the system without Rh6G and at the 65 ns for the system with Rh6G.



Figure 9 shows the combined data obtained from the resulting trajectories. Spatial distribution functions (SDFs) of BA and M around Rh6G are shown in Figure 9c,d, respectively. The BA and M molecules both form a π-π stacking with the largest plane of Rh6G. Moreover, the BA molecules seem to be associated with the ester group of Rh6G. Figure 9h shows the dimer existence autocorrelation function for the following dimers: M-BA; Rh6G-M and Rh6G-BA. This figure shows the average lifetime of the heterogeneous dimers in the simulation. It is clearly seen that the lifetime of these dimers is quite low (around 1 ns), although the dimers with Rh6G have quite a larger lifetime than M-BA dimers. Figure 9i–k shows the number of neighbors’ occurrence throughout the simulation for the dimers Rh6G-M, Rh6G-BA and M-BA, respectively. It shows that Rh6G has more BA than M neighbors. The radial distribution functions for all possible pairs of molecules (except Rh6G molecule because there is only one in the simulation box) are represented in Figure 9g. The RDFs between centers of mass of molecules (Figure 9g), spatial distribution functions of M around M (Figure 9f) and BA around BA (Figure 9a) show that homogeneous dimers tend to form very consistently with BA-BA dimers forming π-π stacking and M-M forming planar dimers. The SDFs of M-BA dimer—the M around BA and BA around M—indicate that predominantly the M-BA dimer forming is achieved through planar and π-π stacking. Moreover, the planar stacking occurs in the direction of the formation of the largest numbers of hydrogen bonds, which is consistent with DFT data.





4. Conclusions


In this study, we used the melamine barbiturate supramolecular system as a host for encapsulating Rh6G molecules. SEM and fluorescent microscopy images of melamine barbiturate crystals with and without Rh6G show clear inclusion of dye molecules inside the organic crystals. Moreover, the presence of Rh6G drastically improves the symmetry of melamine barbiturate crystals. pXRD data suggest that there is no rise in structural disorder with the increase in Rh6G concentration inside the crystals. The shape of the encapsulation curve indicates the existence of saturation concentration—a maximum of 3.2 Rh6G molecules per 1000 M-BA blocks. Quantum chemical calculations show the energetical preferability of supramolecular assembly of M-BA with Rh6G. Moreover, it seems that BA and M tend to form π-π stacking with a large aromatic ring of Rh6G, which is consistent with Molecular Dynamics data. Classical Molecular Dynamics simulations indicate the overall tendency in Rh6G binding BA (and to a lesser degree M) molecules. Such a binding forms the deficiency of one reagent for crystallization and therefore leads to a deterioration in the nucleation and crystallization rate promoting the growth of larger and more symmetrical organic crystals. Hence, we conclude that not only melamine barbiturate supramolecular assembly is capable of effectively encapsulating Rh6G, but the inclusion of such dye molecules leads to a drastic improvement in the shape of resulting organic crystals.
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Figure 1. Structural formulas of (a) Rhodamine 6G, (b) Melamine and (c) Barbituric acid. 






Figure 1. Structural formulas of (a) Rhodamine 6G, (b) Melamine and (c) Barbituric acid.



[image: Symmetry 13 01119 g001]







[image: Symmetry 13 01119 g002 550] 





Figure 2. (a) UV-Vis spectra for solution obtained from the M-BA crystals with Rh6G dissolved in NaOH and (b) the encapsulation curve of Rh6G inside the M-BA crystals. 
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Figure 3. Crystals of M-BA (a) and M-BA with Rh6G (b) in transmitted light and particle luminescence of pure M-BA (c) and M-BA with Rh6G (d). 
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Figure 4. SEM images of M-BA particles with various concentrations of Rh6G: 0 M (a), 10−7 M (b), 10−6 M (c), 10−4 M (d). 
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Figure 5. Experimental and theoretical XRD patterns for M-BA crystals with different concentrations of Rh6G. The theoretical pattern (grey) is for pure M-BA crystal. 






Figure 5. Experimental and theoretical XRD patterns for M-BA crystals with different concentrations of Rh6G. The theoretical pattern (grey) is for pure M-BA crystal.



[image: Symmetry 13 01119 g005]







[image: Symmetry 13 01119 g006 550] 





Figure 6. An arrangement of the melamine and barbituric acid molecules in a flat infinite chain in the structure of M-BA (a); only crystallographically non-equivalent fragments are labeled. Crystal structure of M-BA, projections along the [001] (b) and approximately along the [210] (c) directions. Legend: C, N, O and H atoms are shown as grey, blue, red and white spheres, respectively. Thermal ellipsoids are drawn at the 50% probability level. Molecules drawn in a capped-stick style in (c) correspond to the second chain. Red and blue dotted line = H bonds. 
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Figure 7. Change of Gibbs free energy of association during the formation of M-BA supramolecular assemblies with Rh6G with respect to initial components. 
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Figure 8. Time-dependent radial distribution function between centers of mass of M and BA molecules for systems without (a) and with (b) Rh6G. 
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Figure 9. Spatial distribution functions for BA around (a) BA, (b) MEL and (c) Rh6G in the water solution; spatial distribution functions for MEL around (d) Rh6G, (e) BA and (f) MEL in the water solution (g) radial distribution functions between centers of mass of M-M, BA-BA, M-BA, Rh6G-M and Rh6G-BA (h) dimer existence autocorrelation functions for M-BA, Rh6G-M and Rh6G-BA (i–k) number of neighbors Rh6G-M, Rh6G-BA and M-BA, respectively. 
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