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Abstract

:

The co-crystallization of (benzylthio)acetic acid (HBTA) with L-proline (L-PRO), D-proline (D-PRO), DL-proline (DL-PRO), isonicotinamide (INA) and tryptamine (TPA) led to the formation of five novel crystalline compounds: L-PRO±·HBTA (1), D-PRO±·HBTA (2), DL-PRO±·HBTA (3), INA·HBTA (4) and TPA+·BTA− (5). The prepared supramolecular assemblies were characterized by single crystal X-ray diffraction, an elemental analysis, FT-IR spectroscopy and a thermal analysis based on thermogravimetry (TG) combined with differential scanning calorimetry (DSC). Additionally, their melting points through TG/DSC measurements were established. All fabricated adducts demonstrated the same stoichiometry, displayed as 1:1. The integration of HBTA with selected N-containing co-formers yielded different forms of multi-component crystalline phases: zwitterionic co-crystals (1–3), true co-crystal (4) or true salt (5). In the asymmetric units of 1–4, the acidic ingredient is protonated, whereas the corresponding N-containing entities take either the zwitterionic form (1–3) or remain in the original neutral figure (4). The molecular structure of complex 5 is occupied by the real ionic forms of both components, namely the (benzylthio)acetate anion (BTA−) and the tryptaminium cation (TPA+). In crystals 1–5, the respective molecular residues are permanently bound to each other via strong H-bonds provided by the following pairs of donor···acceptor: Ocarboxylic···Ocarboxylate and Npyrrolidinium···Ocarboxylate in 1–3, Ocarboxylic···Npyridine and Namine···Ocarboxylic in 4 as well as Nindole···Ocarboxylate and Naminium···Ocarboxylate in 5. The crystal structures of conglomerates 1–5 are also stabilized by numerous weaker intermolecular contacts, including C–H···O (1–3, 5), C–H···S (1, 2, 5), C–H···N (5), C–H···C (5), C–H···π (1–5) as well as π···π (4) interactions. The different courses of registered FT-IR spectral traces and thermal profiles for materials 1–5 in relation to their counterparts, gained for the pure molecular ingredients, also clearly confirm the formation of new crystalline phases.






Keywords:


(benzylthio)acetic acid; proline; isonicotinamide; tryptamine; supramolecular assemblies; crystal structure; noncovalent interactions; infrared spectra; thermal behaviour












1. Introduction


The rational design and synthesis of new supramolecular crystalline systems, with specific crystal networks and physiochemical properties based on the skilful use of noncovalent interactions present between molecules, is broadly understood as the paramount objective of crystal engineering [1,2]. The creation of stable, supramolecular frameworks is accomplished with the aid of complementary noncovalent intermolecular interactions, encompassing a wide range of contacts, both attractive and repulsive in nature, mainly including hydrogen bonds, aromatic π···π stacking interactions, and electrostatic and charge-transfer attractions [3,4,5]. Hydrogen bonding, being a directional and the strongest force, occupies a unique position among all available intermolecular non-bonded contacts occurring between the constituent species in supramolecular architectures [6]. The targeted patterns of binding between the functional components in multi-component crystals must contain at least one set of noncovalent interactions with a noticeably higher strength than that of the others [7,8]. The presence of hydrogen bonds is therefore necessary in the process of the controlled aggregation of molecular components into solid supramolecular assemblies [6]. The geometrical and spatial interlinking of intermolecular interactions within the structure of supramolecules generates special structural units named supramolecular synthons [9], described by Etters’s graph-set notation [10]. The supramolecular synthons act indeed as the robust and transferable connectors utilized in the durable and predictable linking of molecular tectons within supramolecules [8,9]. The crystals of supramolecular complexes consist of at least two distinct molecular ingredients present in the crystal lattice. The different molecular components included in one crystalline material may exist as an ion (charged residue), a solvent (the neutral liquid residue) or a co-former (the neutral solid residue). Depending on the residue types present in the crystal lattice, the multi-component crystalline solids have been classified into three main categories: molecular salts, co-crystals and solvates [11]. Moreover, seven subclasses arise from the main categories which represent the possible compositions of the crystalline forms of supramolecular systems: three of them, designated as true salts, true co-crystals and true solvates, are strictly derived from the main classes, whereas the remaining four, defined as salt solvates, co-crystal solvates, co-crystal salts and co-crystal salt solvates, are hybrids of the main categories [12]. In the true co-crystal subclass, composed of neutral molecules of at least two different molecular ingredients, only a particular form defined as a zwitterionic co-crystal is clearly distinguishable. Unlike true co-crystals with a classical composition, zwitterionic co-crystals contain at least one co-former in the form of a dipolar ion presented by a molecule having both positively and negatively charged functional sites. The global net charge of zwitterionic co-crystals is ultimately zero as is the case of true co-crystals composed of neutral residues only [13].



The carboxylic derivatives containing additionally aromatic/cyclic rings composed of mono- or heteroatoms and other potential binding sites, such as NH2, OH, SO2, NO2, halogens, N, O, S, and CH/CH2/CH3, act as excellent and versatile functional components in the creation of supramolecular architectures, as they provide various kinds of hydrogen bond acceptors and/or donors and the π-conjugated system for extending their networks [14]. According to the principles of crystal engineering, (benzylthio)acetic acid (HBTA) fits perfectly into the process of supramolecular complexation due to its chemical structure (Figure 1), which is composed of the following moieties: a carboxylic group, two CH2 entities, an organic sulphide –S– species and an aryl unit.



As arises from the crystalline structure of single-component HBTA crystals [15], all types of functional groups are involved in the formation of intermolecular interactions, including the strong O–H···O and weak C–H···O, C–H···S and C–H···π contacts that stabilize the three-dimensional supramolecular framework. The ability to form intermolecular interactions by individual functional groups of HBTA was also verified on the basis of molecular electrostatic potential (MEP) as well as electrostatic potential (ESP) surfaces [16], as MEP and ESP descriptors are beneficial tools for defining the regions where the compound can have noncovalent interactions [17]. The MEP and ESP results revealed that the carboxylic group is the most privileged fragment of the HBTA molecule. The most negative region reflected on the MEP surface associated with the oxygen atoms within the carboxylic species confirmed that the hydrogen bonding, involving the hydroxyl oxygen as the strongest donor and the carbonyl oxygen as the strongest acceptor, gives the energetically preferred O–H···O and C–H···O hydrogen bonding present in the crystal structure of HBTA. Moreover, the most positive potential located on the acidic proton makes the O–H···O hydrogen bond the easiest to form. At the same time, O–H···O hydrogen bonding is much more stable compared to other types of noncovalent interactions generated by the HBTA molecule, which was reflected in the much shorter donor–acceptor distance. The less negative MEP and ESP region accumulated on the sulphur atom indicates its role as an acceptor in weak C–H···S noncovalent interactions. For the MEP surface in dimer structure of HBTA, the most positive charge located on one proton of each of the methylene groups indicates, in turn, that methylene carbons operate as weak polar donors in C–H···O and C–H···π noncovalent contacts [15,16]. The only known crystal structures obtained with the participation of the HBTA agent are four metal–organic coordination polymers with selected transition metal cations, namely Co (II) [18], Cu (II) [19], Cd (II) and Zn (II) [20]. The HBTA reagent occurs in these crystals as fully deprotonated BTA− anions forming primarily coordination bonds with the metal centres only through the carboxylate oxygens (Cu (II) and Zn (II) complexes) or with the simultaneous partnership of sulphur (Co (III) and Cd (II) compounds).



The eponymous N-containing species (Figure 1), such as L-proline (L-PRO), D-proline (D-PRO), DL-proline (DL-PRO), isonicotinamide (INA) and tryptamine (TPA), are also useful in making organic crystalline solids by various noncovalent interactions due to the possession of diverse functional units. The chemical structures of the ingredients in question influences their intensive exploitation as molecular building blocks in the construction of a broad family of hydrogen-bonded supramolecular aggregates, especially with organic acids, as confirmed by numerous CSD [21] results obtained by using the ConQuest2022.1.0 program [22]. There is only one monoclinic P21/c [23,24] variant of the DL-PRO racemate as well as the orthorhombic P212121 [25,26,27] and triclinic P-1 [26] polymorphic forms of the L-PRO enantiomer. To date, the racemates and enantiomers of proline as co-crystallization agents form 54 different carboxylic:PRO crystal structures [21,22]. The vast majority of them belong to the true co-crystals group but co-crystal solvates and true salts are also observed (Figure 2A). INA, which is well-known and has been intensively investigated due to its rich hydrogen bonding behaviour, possesses as many as seven polimorphic forms. Four of the five monoclinic variants show the same P21/c [28,29,30] symmetry, while only one crystallizes as the Pc [29] polymorph. Apart from the monoclinic varieties, the single-component crystals of INA also create two different orthorhombic polymorphs defined as Pbca [31] and Pca21 [32]. Due to its considerable synthon flexibility as well as conformational flexibility [28] in an active manner that causes supramolecular reactions with a wide variety of organic acids, the INA component yielded 186 crystal structures [21,22] of carboxylic acid:INA supramolecular complexes. The carboxylic acid:INA aggregates exhibit the greatest diversity of solid crystalline phases. Their disclosed molecular structures indicate they belong to the true co-crystal, true salt, co-crystal salt, co-crystal solvate and salt solvate groups (Figure 2B). Pure TPA exists only in one orthorhombic P212121 phase [33]. Among 35 reported organic crystal structures [21,22] synthesized by combining the tryptamine with carboxylic acids, over 97% are salts which also include the incorporated solvent’s molecules (Figure 2C).



This work presents an exploration of the ability of the HBTA component to supramolecular complexation via the participation of co-formers in the form of enantiomeric and racemic proline compounds, isonicotinamide and tryptamine (Figure 1). The discussed topic is novel in terms of the application of an HBTA agent as the effective structural unit in the construction of organic supramolecules, since reports in the literature have not revealed any data related to supramolecular complexes based on this acidic component up till now. This publication focuses primarily on presenting the crystal structures of the first crystalline multi-component phases obtained from the HBTA molecular brick along with the identification of the noncovalent forces’ networks generated via the coupling of classical hydrogen bonds and other weak noncovalent interactions. In addition to the structural and supramolecular context, the TG/DSC thermal and infrared spectral characterization of produced crystalline solid forms is also considered.




2. Results and Discussion


All of the noncovalent-bonded supramolecular architectures, 1–5, were prepared by using the co-crystallization process that entailed mixing the corresponding N-containing ingredients with (benzylthio)acetic acid (HBTA) at a 1:1 ratio. Well-shaped crystals were then isolated under ambient conditions utilizing the natural solvent-evaporating technique with the addition of short-chained alcohols, due to the similar and high levels of solubility of the title building units in given alcohols. The synthetic pathway for the production of the adducts 1–5 is depicted in Figure 3, while the procedure of their synthesis is described in detail in the Materials and Methods section. The grown crystals of aggregates 1–5 were subjected to the SC X-ray diffraction measurements. All complexes crystallized without solvent molecules. The revealed structures showed that the co-crystallization products are identified as zwitterionic co-crystals (1–3), true co-crystals (4) and true salts (5). The obtained multicomponent crystalline phases were also analysed with FT-IR spectroscopy as well as the thermal analysis.



2.1. Crystal Structures Descriptions


The X-ray crystallographic study of the five new structures of S-containing carboxylic acid, namely (benzylthio)acetic acid (HBTA) with L-proline (1), D-proline (2), DL-proline (3), isonicotinamide (4) and tryptamine (5), is described below. The analysed structures are designated as follows: L-PRO±·HBTA (1), D-PRO±·HBTA (2), DL-PRO±·HBTA (3), INA·HBTA (4) and TPA+·BTA− (5). The summary of crystal data, experimental details and refinement results of structures in question as well as the geometry of intermolecular interactions in the crystals 1–5 are shown in Table 1 and Table 2, respectively.



2.1.1. Zwitterionic Co-Crystals from (Benzylthio)Acetic Acid and Proline Compounds (1–3)


The enantiomeric adducts 1 and 2 crystallize in a monoclinic crystal system with the same space group P21 and a similar unit cell dimension (Table 1). The atom numbering and the conformation of 1 and 2 adopted in the crystal are shown in Figure 4. Their asymmetric unit consists of an independent protonated HBTA component and an L-PRO± or D-PRO± prolinium zwitter ion with a 1:1 stoichiometry (Figure 4). The designated C‒O bond lengths (Table S1) support the occurrence of the neutral HBTA molecules (C1‒O1: 1.329 (6) Å (in 1) and 1.333 (4) Å (in 2); C1‒O2:1.205 (5) Å (in 1) and 1.207 (4) Å (in 2)) as well as carboxylate groups within both L-PRO± (C14‒O3: 1.249 (4) Å; C14‒O4: 1.252 (3) Å) and D-PRO± (C14‒O3: 1.251 (5) Å; C14‒O4: 1.260 (3) Å) zwitterion ions indicating the formation of L-PRO±·HBTA (1) and D-PRO±·HBTA (2) zwitterionic co-crystals, not salts.



The bond lengths and angles of the prolinium ions and acid molecules of 1 and 2 (Table S1) are within the expected ranges and are equal within the experimental error. The value of dihedral angle between the plane of the phenyl ring of HBTA and the pyrrolidine moiety is 69.4 (3)° for 1 and 2, respectively. Apart from many similarities between the presented co-crystals, there is a difference in the conformation of the acid component (see Figure 4). The torsion angles C1‒C2‒S1‒C3/C2‒S1‒C3‒C4, describing the stereochemistry of the alkyl sulfanyl chain of acid molecule, are 71.1 (7)°/59.1 (8)° for L-PRO±·HBTA and −70.9 (1)°/−58.8 (1)° for D-PRO±·HBTA. The absolute values of the torsion angles are the same, within the experimental error, and the difference in the sign does not affect the crystal structure of either of the compounds, which are analogous.



The pattern of hydrogen bond interactions is the same for both of the discussed co-crystals (Table 2) and is presented in Figure 5A. The molecule of (benzylthio)acetic acid is bonded to the prolinium zwitterion ion via an O1‒H1O1···O4 strong hydrogen bond (Synthon I, Figure 5A). The PRO± itself is further associated with two other prolinium zwitterion ions by three intermolecular N‒H···O bonds (Synthons II-IV, Figure 5A). These hydrogen bonding interactions link the molecules into a one-dimensional infinite ribbon, with the prolinium ions inside and the acid molecules outside, as presented in Figure 5C. The weak C‒H···O and C‒H···S contacts (Table 2), in which the molecules of PRO± act as donors and the O/S atoms of the HBTA molecules serve as hydrogen-bond acceptors, as well as the head-to-tail C3–H···π interactions between the acid molecules, stabilized the three-dimensional structure of the analysed zwitterionic co-crystals (Figure 6A,C).



DL-proline and (benzylthio)acetic acid also form a 1:1 co-crystal 3 (Figure 4). It crystallizes in the orthorhombic space group Pna21. The C‒O bond distances (Table S1) of the HBTA molecule (C1‒O1: 1.334 (3) Å; C1‒O2:1.203 (3) Å) and the carboxylate groups within the second component (C14‒O3: 1.250 (3) Å; C14‒O4: 1.265 (3) Å) indicate the formation of DL-PRO±·HBTA zwitterionic co-crystals. The values of all bond lengths and angles (Table S1) are similar to those observed for co-crystals 1 and 2. The differences are observed in the orientation of the pyrrolidine ring in respect to the phenyl ring. These are quite close to being parallel (as opposed to the more perpendicular orientations for 1 and 2) and the dihedral angle is equal to 15.7 (5)°. The use of a racemic proline for the synthesis of co-crystals resulted in significant changes in the conformation of the acid molecule (Figure 4, C1‒C2‒S1‒C3/C2‒S1‒C3‒C4 torsion angles are 58.7 (4)°/172.4 (3)°) in relation to that previously observed in co-crystals with L- and D-proline enantiomers. These changes generated a different pattern of intermolecular interactions in co-crystal 3. In the prolinium ions, the NH2+ moiety, being a hydrogen bond donor, and a carboxylate group, serving as an acceptor, form the intramolecular N1‒H···O3 hydrogen bond, closing the five-membered ring. The interaction of the DL-prolinium zwitterion ion with (benzylthio)acetic acid takes place through O1‒H1O1···O4 contact (Synthon I, Figure 5B), with similar bond lengths and angles as those determined for co-crystals 1 and 2 (Table 2). Furthermore, the NH2+ moiety of DL-PRO± acts as a hydrogen donor to two other DL-prolinium zwitterion ions, forming synthon II (N1‒H···O4) and synthon III (N1‒H···O3), as presented in Figure 5B.



The crystal packing pattern of 3 differs from that observed for the co-crystal of (benzylthio)acetic acid with L-proline and D-proline. The described supramolecular synthons in DL-PRO±·HBTA form a 2D network, as shown in Figure 5D, made of parallel ribbons similar to those observed for co-crystal 1. Moreover, the weak C–H···π interaction between acid molecules and the C‒H···O contact between DL-PRO± and HBTA were determined (Table 2) and they stabilize the 3D supramolecular architecture of co-crystal 3 (Figure 6B,D). The crystallographic unique molecules form an ABAB motif, whereas for co-crystal 1, an AABB arrangement of molecules was observed (Figure 6).




2.1.2. True Co-Crystal of (Benzylthio)Acetic Acid and Isonicotinamide (4)


The crystal structure analysis of 4 reveals a 1:1 co-crystal (INA·HBTA; Figure 7) that crystallizes in a triclinic space group P-1. The length of the C1–O1, C1–O2 bonds in the acid molecule are 1.297 (2) Å and 1.208 (2) Å (Table S1), indicating that the hydrogen atom is located on the O1 atom. The conformation of the acid molecule is similar to that observed for co-crystal 2 (the torsion angles: C1–C2–S1–C3/C2–S1–C3–C4 are −75.5 (1)°/−56.5 (1)°), and the dihedral angle between the plane of the phenyl ring and the pyridine moiety is 15.3 (2)°.



The interaction of the HBTA acid with INA takes place through an O1–H1···N1 hydrogen bond (Synthon I, Figure 8A). Two more hydrogen-bonded synthons are observed in the isonicotinamide co-crystal (Figure 8A). The donation of hydrogen atoms from the NH2 part of the carboxamide group of INA to the carbonyl moiety (a) of other INA molecules (N2–H1···O3) and of (b) carboxylic acid forms (a) a homomeric R22 (8) dimer (Synthon II) and (b) a linear N2–H2···O2 interaction (synthon III), respectively. In crystals, these supramolecular hydrogen bonds generate an infinite ribbon (Figure 8B,C) that is further stabilized by the head-to-head π···π stacking between the INA molecules and the head-to-tail C–H···π interactions between the HBTA molecules forming a 3D, hydrogen-bonded network (Figure 8D,E).




2.1.3. True Salt Formed from (Benzylthio)Acetic Acid and Tryptamine (5)


Compound 5 crystallizes in the monoclinic P21 space group with one molecule of each component in the asymmetric unit (Figure 9). The Fourier analysis showed that there is a proton transfer from the carboxyl group of the acid molecule to the NH2 moiety of tryptamine, indicating the formation of a salt: TPA+·BTA−. The C1–O1/O2 bond distances of 1.260 (3) and 1.250 (3) Å in the BTA− molecule (Table S1) also confirmed the presence of an ionized carboxylic group. The alkyl sulfanyl chain of the HBTA molecule is planar (C1–C2–S1–C3/C2–S1–C3–C4 torsion angles are equal −179.7 (4)°/173.3 (4)°) and the phenyl ring C4–C9 is twisted 73.4 (3)° to the indole ring.



In crystals, the aminium NH3+ moiety of one molecule of TPA+ acts as a donor, whereas the O atoms of the carboxylate groups of three BTA− molecules become hydrogen-bond acceptors (Figure 10A, synthons I-III). The synthon IV, observed in salt 5, formed on the basis of the interaction of the indole nitrogen N1 of the tryptaminium cation and the carboxylate acceptor O2 of the (benzylthio)acetate anion (Figure 10A). Those well-directed hydrogen bonds led to the formation of a supramolecular ribbon, as shown in Figure 10B,C, which is additionally enhanced by the C–H···O, C–H···N and C–H···S contacts (Table 2). Moreover, the weak head-to-tail C–H···π interaction between the TPA+ cations as well as the head-to-tail C–H···π contact between the BTA− anions become important in stabilization of the 3D supramolecular architecture of salt 5 (Figure 10D,E).





2.2. FT-IR Spectral Analysis


Fourier transformed infrared (FT-IR) spectroscopy is a valuable technique for analysing the structure of solid materials based on the identification of the various functional groups present in the tested samples; therefore, this analytical method is also an excellent approach to the characterization and study of the solid crystalline phases of co-crystallization products. The FT-IR spectral signatures of the starting components and the supramolecular aggregates in question were performed in order to ascertain the crystalline form of received solid phases 1–5 in the context of co-crystal/salt formation. The solid-state FT-IR spectra of complexes 1–5 covering the most diagnostic spectral range between 3800 cm−1 and 1200 cm−1 are presented in Figure 11, whereas the FT-IR profiles showing the comparison of recorded spectral traces for the complexes and the corresponding molecular components in the entire spectral range are depicted in Figure S1.



The formation of new products 1–5 is reflected by the presence of vibrational bands corresponding to the functional groups derived from both co-formers. Additionally, the generation of new crystalline phases 1–5 is also demonstrated by the occurrence of the appropriate shifts of characteristic stretching vibrations in the FT-IR spectra of adducts 1–5 in comparison to their positions shown in the spectra of the starting species. The crystal structures of adducts 1–5 are established via various energetic H-bonds, among which the privileged ones are those formed by the strong functional groups, such as COO−/COOH, NH3+/amide as well as the pyrrolidinium/pyridine/indole nitrogen atom, respectively; hence, the strongest shifts of stretching vibrations are related to these beneficial functional groups.



The key H-bonding functional group in the HBTA agent is the acidic moiety. The most specific vibrational mode of the organic acid function is attributed to the carbonyl stretching ν (C=O) of the COOH group. The absorption band associated with this vibrational mode for free HBTA agents is located at 1697 cm−1 (KBr pellet) [16] or 1694 cm−1 (ATR mode) [15], and is characterized by the highest activity in the HBTA spectral profile. In case of adducts 1–4, the most intense peaks, situated at 1712 cm−1 (1 and 2), 1716 cm−1 (3) and 1699 cm−1 (4), respectively, are connected with the carbonyl stretches originating from the acidic unit. These results point to the fact that the HBTA molecular ingredient after co-crystallization remains in its neutral and protonated form. The observed shifts in the free acid absorption band towards higher wave numbers (higher energies) confirm that the complexes 1–4 crystallize in the form of co-crystals, which is consistent with X-ray crystal structures. In the spectra of complexes 1–3, the two absorption bands, corresponding to the stretching νas (COO−) and νs (COO−) vibrations derived from the negatively charged carboxylate group of the zwitterionic form of proline compounds, are also observed. The peaks connected with the stretching νas (COO−) and νs (COO−) vibrations of the deprotonated carboxylate group of L-PRO±, D-PRO± and DL-PRO± zwitter ions are located at 1596 cm−1 and 1415 cm−1 for complexes 1 and 2, as well as 1586 cm−1 and 1391 cm−1 for aggregate 3, respectively, which is in line with the spectral data obtained for zwitterionic co-crystals with phenylboronic and 4-iodophenylboronic acids [34]. The zwitterionic form of proline compounds also contains the positively charged NH2+ moiety resulting from the proton transfer from the acidic part to the pyrrolidine nitrogen atom within the molecule, so the two high-energy stretching ν (NH) vibrations of the protonated NH2+ group appeared as a relatively broad and uniquely strong band [35]. In the spectral plots of materials 1–3, the absorption bands related to the stretching ν (NH) vibrations came from the NH2+ group and are situated at 3414 cm−1 and 3255 cm−1 for enantiomers 1 and 2 as well as 3418 cm−1 and 3143 cm−1 for racemate 3.



The free INA ingredient shows the carbonyl stretching ν (C=O) vibrational mode at 1681 cm−1 (ν (C=O): 1667 cm−1 [36]). As results from the spectral trace of aggregate 4, only one distinct band is observed near 1700 cm−1. This most intensive absorption peak located at 1699 cm−1 is probably attributed to both the stretching ν (C=O) vibrational mode of the protonated HBTA unit as well as the ν (C=O) vibrational fundamental of the amide part of INA, due to their participation in the formation of the hydrogen bonds. The absorption bands of stretching νas (NH2) and νs (NH2) vibrations of the primary amine from INA are found in the FT-IR profile of complex 4 at 3361 cm−1 and 3160 cm−1, respectively, which is in agreement with the spectral data obtained for free INA (νas (NH2): 3370 cm−1 and νs (NH2): 3186 cm−1 [36]) and for the supramolecular framework of INA with L-malic acid (νas (NH2): 3383 cm−1 and νs (NH2): 3159 cm−1 [37]).



In the infrared spectrum of adduct 5, the carbonyl stretching ν (C=O) absorption band of the acid disappeared completely and was replaced by new characteristic absorption bands of stretching νas (COO−) and νs (COO−) vibrations found at 1562 cm−1 and 1384 cm−1, respectively, which confirms the occurrence of the carboxylate group belonging to the deprotonated anionic form of the HBTA component. The neutral molecule of the tryptamine agent consists of the aliphatic ethylamino chain attached to the indole core. From the viewpoint of supramolecular complexation, the most important absorption bands in the infrared trace of TPA are connected with the stretching vibrations νas (NH2) and νs (NH2) of the amine moiety as well as the stretching vibrational mode ν (NH) of the indole unit. The νas (NH2) and νs (NH2) fundamental modes are active in the TPA spectral profile at 3344 cm−1 and 3283 cm−1, respectively, which are in accordance with the vibrational data obtained for 5-hydroxytryptamine (νas (NH2): 3318 cm−1 and νs (NH2): 3272 cm−1) [38]. The TPA component also shows the indole ν(NH) stretching mode at 3418 cm−1, which is in line with the wavenumber (ν (NH): 3419 cm−1) found for the basic indole system [39]. The absence of the absorption bands corresponding to the νas (NH2) and νs (NH2) in the spectral signature of complex 5 with the simultaneous presence of an absorption peak attributed to the stretching fundamental ν (NH) of the indole at the same position indicates that, during the co-crystallization process, the acidic proton was directed into the amine, not the indole, nitrogen atom of tryptamine, resulting in the formation of the aminium NH3+ group. The intense absorption band seen at 3285 cm−1 corresponds to the stretching vibrations of the H-bonded NH3+ moiety. What is more, the extended absorption, involving numerous combination bands and overtones, to about 2000 cm−1 with a clearly noticeable peak located at 2106 cm−1 as well as the strong band of the symmetric deformation vibrations observed at 1531 cm−1, also confirm the existence of NH3+ species in the structure of adduct 5 [40]. The fact of formation of the tryptaminium cation (TPA+) and (benzylthio)acetate anion (BTA−) is corroborated with the crystal structure of complex 5, defining this solid phase as a true salt.




2.3. Thermal Analysis in Air


A thermal analysis as an important tool for determining the thermal stability of various classes of materials because it provides information about the possible presence of solvent molecules in their structures as well as the mass loss and peak values related to the exothermic and/or endothermic effects occurring at different temperature ranges [41].



The thermal behaviour of prepared solid supramolecular associations was investigated by simultaneously employing thermogravimetry (TG) and differential scanning calorimetry (DSC). The TG and DSC traces registered for all adducts are illustrated in Figure 12, while the comparison of the TG and DSC thermal curves between the complexes and the free building bricks is shown in Figure S2. The plateaus visible on the TG profiles up to about 100 °C indicate the unsolvated nature of all the supramolecular frameworks. The sharp DSC endothermic dips situated at 73 °C (1), 77 °C (2), 89 °C (3), 108 °C (4) and 154 °C (5) correspond to the melting points of the obtained aggregates. The DSC results revealed that the melting points of all the adducts are distinct from HBTA (64 °C) [15] and the corresponding N-containing co-formers (L-PRO: 234 °C; D-PRO: 227 °C; DL-PRO: 213 °C; INA: 159 °C; TPA: 117 °C), which actually indicates the formation of new crystalline phases. The zwitterionic co-crystals of L-PRO±·HBTA (1), D-PRO±·HBTA (2) and DL-PRO±·HBTA (3) exhibit melting points in between the two components (Figure S2A–C), thus the materials 1–3 have a much lower thermal stability compared to that of the starting proline agents and a slightly higher thermal stability than that of HBTA. The melting point of the true co-crystal INA·HBTA (4), also found in between the two ingredients (Figure S2D), implies that the INA·HBTA (4) displays a decrease in the thermal stability of isonicotinamide and an improvement in the thermal stability of HBTA. The true salt TPA+·BTA− (5) shows a noticeably higher thermal stability than that of the tryptamine and HBTA (Figure S2E), which is due to its higher melting point than that of the initial components. The TG and DSC curves show that all supramolecular adducts decompose only after melting. Among the first exothermic effects reflected on the DSC traces for complexes 1–5, the one located at a much higher temperature than the others is the exothermic peak with a maximum at 370 °C, which was observed for salt 5. The most intensive exothermic peaks visible on the DSC profiles of compounds 1–5 are situated around 531 °C, 574 °C, 558 °C, 483 °C and 598 °C, respectively, indicating the dominant stage of the decomposition process of these substances. It is evident from the TG curves that all of the complexes 1–5 decompose completely without any solid residues.





3. Materials and Methods


3.1. Materials


All co-formers and solvents were sourced from commercial products with analytical grades and used without further purification. (Benzylthio)acetic acid (HBTA) and L-proline were provided by Sigma-Aldrich. D-proline was obtained from Reanal Laboratory Chemicals Ltd. whereas the DL-proline was sourced from Tokio Chemical Industry Co., Ltd. (TCI). Isonicotinamide was received from Alfa Aesar-Thermo Fisher Scientific while tryptamine was purchased from Acros Organics B.V.B.A. Solvents in the form of methanol and ethanol were received from Avantor Performance Materials Poland S.A. (formerly POCH S.A.).




3.2. Preparation of the Solid Forms 1–5


Co-crystallization process was applied in order to produce good crystals quality of synthesized supramolecular associations. Well-shaped single crystals of adducts 1–5 were harvested as a result of engagement of slow solvent evaporation technique from methanolic or ethanolic solution, containing equimolar amounts of HBTA and respective N-containing entities at room temperature.



The details of synthesis, the colours and shapes of collected crystals, yield of co-crystallization experiments, and the results of elemental analysis performed for complexes 1–5 are presented below:



L-PRO±·HBTA (1): HBTA (0.364 g, 2 mmol) and L-PRO (0.230 g, 2 mmol) were dissolved separately in 5 mL of MeOH each. Both solutions were then combined and stirred for 5 min. The resulting solution was allowed to evaporate naturally at ambient temperature and after a few days, light-brown, plate-like crystals were obtained.



Yield for 1: 0.545 g (91.75%); Elemental analysis results for 1 (C5H9NO2±·C9H10O2S) Calcd (%): C, 56.55; H, 6.44; N, 4.71; S, 10.78. Found (%): C, 56.28; H, 6.31; N, 4.85; S, 10.93.



D-PRO±·HBTA (2): HBTA (0.364 g, 2 mmol) was dissolved in 5 mL MeOH. D-PRO (0.230 g, 2 mmol), also dissolved in 5 mL of MeOH, was added to this solution. After several days, by slow evaporation of the solvent at room temperature, light-brown, cube-shaped crystals were obtained.



Yield for 2: 0.567 g (95.45%); Elemental analysis results for 2 (C5H9NO2±·C9H10O2S) Calcd (%): C, 56.55; H, 6.44; N, 4.71; S, 10.78. Found (%): C, 56.37; H, 6.29; N, 4.89; S, 10.97.



DL-PRO±·HBTA (3): HBTA (0.182 g, 1 mmol) and DL-PRO (0.115 g, 1 mmol) was dissolved separately in 5 mL of MeOH each. Next, the solutions were mixed together and stirred for a few minutes. Light-brown, block-shaped crystals were harvested after allowing the final mixture to evaporate at ambient temperature for a few days.



Yield for 3: 0.269 g (90.57%); Elemental analysis results for 3 (C5H9NO2±·C9H10O2S) Calcd (%): C, 56.55; H, 6.44; N, 4.71; S, 10.78. Found (%): C, 56.71; H, 6.37; N, 4.63; S, 10.69.



INA·HBTA (4): An ethanolic solution (5 mL) of INA (0.122 g, 1 mmol) was added to an ethanolic solution (5 mL) of HBTA (0.182 g, 1 mmol). Next, the combined solution was stirred for a while and left to evaporate at room temperature, producing light-brown, plate-like crystals after several days.



Yield for 4: 0.285 g (93.75%); Elemental analysis results for 4 (C6H6N2O·C9H10O2S) Calcd (%): C, 59.19; H, 5.30; N, 9.20; S, 10.53. Found (%): C, 58.84; H, 5.18; N, 9.03; S, 10.79.



TPA+·BTA− (5): The methanolic solution (5 mL) of HBTA (0.182 g, 1 mmol) was mixed with the methanolic solution (5 mL) of TPA (0.160 g, 1 mmol). The obtained solution was stirred for 5 min and left to evaporate for a few days at ambient temperature, resulting in a growth of needle-like crystals of brown colour.



Yield for 5: 0.301 g (88.01%); Elemental analysis results for 5 (C10H13N2+·C9H9O2S−) Calcd (%): C, 66.64; H, 6.48; N, 8.18; S, 9.36. Found (%): C, 66.80; H, 6.65; N, 8.07; S, 9.54.




3.3. Physical Measurements


The determination of the weight percentages of carbon, hydrogen, nitrogen and sulphur content in the supramolecular assemblies 1–5 was performed by means of a Perkin Elmer 2400 Series II CHNS/O elemental analyser (PerkinElmer Inc., Waltham, MA, USA), utilizing the CHNS mode of operation.



The infrared spectra of supramolecular complexes 1–5 and free components were recorded on FT/IR-4600 (JASCO Corporation, Tokyo, Japan) FT-IR spectrometer utilizing the KBr pellet technique in the spectral range between 4000 and 400 cm−1.



The thermal behaviour of multicomponent crystalline products and free co–formers were investigated on the basis of the thermogravimetry (TG) coupled with differential scanning calorimetry (DSC). The TG/DSC measurements were conducted on a SETSYS 16/18 (Setaram, Caluire, France) thermal apparatus with the dynamic purge of air 0.75 dm3 h−1. Weights of 8.149 to 8.770 mg of tested samples placed in the alumina crucibles were heated over the temperature range of 30–800 °C at a constant heating rate of 10 °C min−1.




3.4. Single-Crystal X-ray Diffraction Study


The crystallographic measurements of multi-component crystals 1–5 were performed on an Oxford Diffraction Xcalibur CCD diffractometer (Oxford Diffraction Ltd., Abington, UK) with graphite-monochromated MoKα radiation (λ = 0.71073 Å). The diffraction data for adducts 1, 2 and 4 were collected at 293 (2) K while the data sets for complexes 3 and 5 were gathered at 100 (2) K and 120 (2) K, respectively, using the ω scan technique with an angular scan width of 1.0°. The CrysAlis PRO v. 1.171.37.35g (Agilent Technologies Ltd., Oxford, UK) and CrysAlis PRO v. 1.171.39.46 (Rigaku Oxford Diffraction, Oxford, UK) software packages [42,43] were applied for data collection, refinement of cell dimensions, data reduction and multi-scan absorption correction. The structures’ solution and refinement were carried out using the direct methods in SHELXS-86 [44] and by full-matrix least-squares on F2 using SHELXL-2018/3 [45] within the WinGX 2021.1 software [46]. The non-hydrogen atoms were refined anisotropically. The H-atoms attached to the carbon atoms were positioned geometrically, whereas the H-atoms attached to the oxygen and nitrogen atoms were located from the different Fourier maps and refined isotropically. The Mercury 2022.1.0 program [47] was exploited for the molecular and crystal structures visualizations along with the exploration of crystal packing as well as for analysis of intermolecular interactions.





4. Conclusions


(Benzylthio)acetic acid (HBTA) was successfully applied as a co-former in the preparation of the first five noncovalent-bonded supramolecular associations with proline (PRO) compounds, isonicotinamide (INA) as well as tryptamine (TPA). The co-crystallization experiments, depending on the type of incorporated N-containing species, contributed to the generation of diverse crystalline phases of the supramolecular materials in question as zwitterionic co-crystals (L-PRO±·HBTA, D-PRO±·HBTA, DL-PRO±·HBTA; 1–3), true co-crystals (INA·HBTA, 4) and true salts (TPA+·BTA−, 5). The individual building units present in crystal structures 1–5 are dominantly bound with each other with the COOH···O (1–3), COOH···N and NH2···COOH (4) or NH3+···COO− and NindoleH···COO− (5) synthons, which show the importance of these interactions in the formation of the co-crystals or salts under investigation, respectively. The analysed structures show some similarities. The ribbon patterns, with the N-containing component inside and the acid molecules outside, were observed. The distinct geometries of the N-containing species as well as the different sets of weaker intermolecular contacts, such as C–H···O, C–H···S, C–H···N, C–H···C, C–H···π, and π···π, have resulted in the construction of varied 3D supramolecular architectures, in which the crystallographically unique molecules form AABB or ABAB motifs.



The FT-IR spectral studies support the information about the creation of new crystalline phases in such forms, as those revealed by the SC X-ray diffraction. The TG/DSC thermal curves indicate that complex 5 exhibits the highest stability and melting point. The thermal stability order of the obtained supramolecular adducts is as follows: L-PRO±·HBTA < D-PRO±·HBTA < DL-PRO±·HBTA < INA·HBTA < TPA+·BTA−. The highest stability of compound 5 is related to the deprotonated form of the HBTA component containing a carboxylate group, which is a far more powerful and demanding hydrogen bond acceptor than the original carboxylic functional. The COO− group is not typically content with accepting single D−H··· COO− hydrogen bonds because it prefers to act as a multiple acceptor, especially in strong hydrogen bonds, which is reflected by the revealed network of the hydrogen bonds (Table 2) that exists in the crystal structure of TPA+·BTA− salt (5). In this case, each of the two carboxylate oxygens act as a double acceptor, ultimately giving as many as four strong Naminium/indole−H··· COO− hydrogen bonds with a similar strength sustained the TPA+ and BTA− residues. The carboxylic oxygen atoms of neutral HBTA in co-crystals 1–4 also take part in hydrogen bonding but their involvement in the creation of strong H-bonds is weaker than that in the salt, due to the fact that they act only as a single donor (zwitterionic co-crystals 1–3) or a single donor and a single acceptor (true co-crystal 4) (Table 2).



The results show that (benzylthio)acetic acid is a good building unit to be embodied into co-crystals or salts to make diversely formed, hydrogen-bonded structures with different stabilities.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27238203/s1, Table S1: Non-hydrogen bond lengths (Å) and valence angles (°) for structures 1–5, Figure S1: FT-IR spectra (4000–400 cm−1) of L-PRO±·HBTA (A), D-PRO±·HBTA (B), DL-PRO±·HBTA (C), INA·HBTA (D) and TPA+·BTA− (E) complexes along with their comparison with the spectral patterns registered for HBTA and respective N-containing co-former, Figure S2: TG and DSC thermograms (30–800 °C) for L-PRO±·HBTA (A), D-PRO±·HBTA (B), DL-PRO±·HBTA (C), INA·HBTA (D) and TPA+·BTA− (E) against the TG and DSC curves registered for individual building bricks.





Author Contributions


Conceptualization, J.S-G.; methodology, J.S-G.; software, J.S.-G. and A.D.-A.; formal analysis, J.S.-G. and A.D.-A.; investigation, J.S.-G.; writing—original draft preparation, J.S.-G. and A.D.-A.; writing—review and editing, J.S.-G. and A.D.-A.; visualization, J.S.-G. and A.D.-A.; supervision, J.S.-G.; project administration, J.S.-G.; funding acquisition, J.S.-G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Centre (NCN) of Poland, Grant No. 2019/03/X/ST5/01502.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this article are available on reasonable request from the corresponding author. Crystallographic data have been registered at the Cambridge Crystallographic Data Centre (CCDC). The deposited CIF files were allocated the numbers 2212737 for 1, 2212738 for 2, 2212739 for 3, 2212740 for 4 and 2212741 for 5. Copies of this information may be accessed freely from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/structures (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-336033; E-mail: deposit@ccdc.cam.ac.uk).




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are not available from the corresponding author.




References


	



Lemmerer, A.; Bernstein, J.; Kahlenberg, V. Hydrogen bonding patterns of the co-crystal containing the pharmaceutically active ingredient isoniazid and terephthalic acid. J. Chem. Crystallogr. 2011, 41, 991–997. [Google Scholar] [CrossRef]

	



Desiraju, G.R. Crystal engineering: From molecules to crystal. J. Am. Chem. Soc. 2013, 135, 9952–9967. [Google Scholar] [CrossRef]

	



Qiao, N.; Li, M.; Schlindwein, W.; Malek, N.; Davies, A.; Trappitt, G. Pharmaceutical cocrystals: An overview. Int. J. Pharmaceut. 2011, 419, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Wicker, J.G.P.; Crowley, L.M.; Robshaw, O.; Little, E.J.; Stokes, S.P.; Cooper, R.I.; Lawrence, S.E. Will they co-crystallize? Cryst. Growth Des. 2017, 19, 5336–5340. [Google Scholar] [CrossRef]

	



Xu, W.; Hu, K.; Lu, Y.; Ye, H.; Jin, S.; Li, M.; Guo, M.; Wang, D. The crystal structures of ten supramolecular salts of benzylamine and organic acids. J. Mol. Struct. 2020, 1219, 128554. [Google Scholar] [CrossRef]

	



Steiner, T. The hydrogen bond in the solid state. Angew. Chem. Int. Ed. 2002, 41, 48–76. [Google Scholar] [CrossRef]

	



Braga, D.; Brammer, L.; Champness, N.R. New trends in crystal engineering. CrystEngComm. 2005, 7, 1–19. [Google Scholar] [CrossRef]

	



Aakeröy, C.B.; Salmon, D.J. Building co-crystals with molecular sense and supramolecular sensibility. CrystEngComm. 2005, 7, 439–448. [Google Scholar] [CrossRef]

	



Desiraju, G.R. Supramolecular synthons in crystal engineering- A new organic synthesis. Angew. Chem. Int. Ed.Engl. 1995, 34, 2311–2327. [Google Scholar] [CrossRef]

	



Etter, M.C.; McDonald, J.C.; Bernstein, J. Graph-set analysis of hydrogen-bond patterns in organic crystals. Acta Cryst. 1990, B46, 256–262. [Google Scholar] [CrossRef]

	



Aitipamula, S.; Banerjee, R.; Bansal, A.K.; Biradha, K.; Cheney, M.L.; Choudhury, A.R.; Desiraju, G.R.; Dikundwar, A.G.; Dubey, R.; Duggirala, N.; et al. Polymorphs, salts, and cocrystals: What’s in a name? Cryst. Growth Des. 2012, 12, 2147–2152. [Google Scholar] [CrossRef]

	



Grothe, E.; Meekes, H.; Vlieg, E.; ter Horst, J.H.; de Gelder, R. Solvates, salts, and cocrystals: A proposal for a feasible classification system. Cryst. Growth Des. 2016, 16, 3237–3243. [Google Scholar] [CrossRef]

	



Nath, N.K.; Kumar, S.S.; Nagina, A. Neutral and zwitterionic polymorphs of 2-(p-tolylamino)nicotinic acid. Cryst. Growth Des. 2011, 11, 4594–4605. [Google Scholar] [CrossRef]

	



Wu, R.; Yu, Y.; Guo, M.; Jin, S.; Wang, D. Eight salts of 4-dimethylaminopyridine and organic acids by H-bonds and somenoncovalent associations. J. Mol. Struct. 2021, 1230, 129850. [Google Scholar] [CrossRef]

	



Sienkiewicz-Gromiuk, J.; Tarasiuk, B.; Mazur, L. New organic single crystal of (benzylthio)acetic acid: Synthesis, crystal structure, spectroscopic (ATR-FTIR, 1H and 13C NMR) and thermal characterization. J. Mol. Struct. 2016, 1110, 65–71. [Google Scholar] [CrossRef]

	



Sienkiewicz-Gromiuk, J. DFT approach to (benzylthio)acetic acid: Conformational search, molecular (monomer and dimer) structure, vibrational spectroscopy and some electronic properties. Spectrochim. Acta A 2018, 189, 116–128. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Zhang, Y.; Ni, H.; Ma, K.; Li, R. Experimental and DFT studies on the vibrational, electronic spectra and NBO analysis of thiamethoxam. Spectrochim. Acta A 2014, 118, 162–171. [Google Scholar] [CrossRef]

	



Elder, R.C.; Kennard, G.J.; Payne, M.D.; Deutsch, E. Synthesis and characterization of bis(ethylenediamine)cobalt(III) complexes containing chelated thioether ligands. Crystal structures of[(en)2Co(S(CH3)CH2CH2NH2)][Fe(CN)6] and [(en)2Co(S(CH2C6H5)CH2COO)](SCN)2. Inorg. Chem. 1978, 17, 1296–1303. [Google Scholar] [CrossRef]

	



Chan, W.-H.; Mak, T.C.W.; Smith, G.; O’Reilly, E.J.; Kennard, C.H.L. Metal-(phenylthio)acetic acid interactions—VI. The crystal andmolecular structures of diaquabis[(phenylsulfinyl)acetato[bis(pyridine) copper(II) andbis[(benzylthio)acetato]bis(pyridine)copper(II). Polyhedron 1985, 4, 1443–1448. [Google Scholar]

	



Chan, W.-H.; Mak, T.C.W.; Yip, W.-H.; Smith, G.; O’Reilly, E.J.; Kennard, C.H.L. Metal-(phenylthio)alkanoic acid interactions—VII. The crystal and molecular structures of diaquabis[(benzylthio)acetato]-zinc(II),catena-[diaqua-tetra[(benzylthio)acetato]bis[cadmium(II)],catena-tetra-μ-{2-methyl-3-(phenylthio)-propionato-O,O’]-bis[copper(II)]} and tetra-μ-[2-methyl-2-(phenylthio)propionato-O,O’]-bis[ethanolcopper(II)]. Polyhedron 1987, 6, 881–889. [Google Scholar]

	



Groom, C.R.; Bruno, I.J.; Lightfoot, M.P.; Ward, S.C. The Cambridge Structural Database. Acta Cryst. 2016, B72, 171–179. [Google Scholar] [CrossRef]

	



Bruno, I.J.; Cole, J.C.; Edgington, P.R.; Kessler, M.; Macrae, C.F.; McCabe, P.; Pearson, J.; Taylor, R. New software for searching the Cambridge Structural Database and visualizing crystal structures. Acta Cryst. 2002, B58, 389–397. [Google Scholar] [CrossRef] [PubMed]

	



Myung, S.; Pink, M.; Baik, M.-H.; Clemmer, D.E. DL-proline. Acta Cryst. 2005, C61, o506–o508. [Google Scholar] [CrossRef] [PubMed]

	



Hayashi, Y.; Matsuzawa, M.; Yamaguchi, J.; Yonehara, S.; Matsumoto, Y.; Shoji, M.; Hashizume, D.; Kosino, H. Large nonlinear effect observed in the enantiomeric excess of proline in solution and that in the solid state. Angew. Chem. Int. Ed. 2006, 45, 4593–4597. [Google Scholar] [CrossRef] [PubMed]

	



Seijas, L.E.; Delgado, G.E.; Moraa, A.J.; Fitch, A.N.; Brunelli, M. On the crystal structures and hydrogen bond patterns in proline pseudopolymorphs. Powder Diffr. 2010, 25, 235–240. [Google Scholar] [CrossRef]

	



Tumanova, N.; Tumanov, N.; Robeyns, K.; Fischer, F.; Fusaro, L.; Morelle, F.; Ban, V.; Hautier, G.; Filinchuk, Y.; Wouters, J.; et al. Opening Pandora’s Box: Chirality, polymorphism, and stoichiometric diversity influrbiprofen/proline cocrystals. Cryst. Growth Des. 2018, 18, 954–961. [Google Scholar] [CrossRef]

	



Koenig, J.J.; Neudörfl, J.-M.; Hansen, A.; Breugst, M. Redetermination of the solvent-free crystal structure of L-proline. Acta Cryst. 2018, E74, 1067–1070. [Google Scholar] [CrossRef]

	



Aakeröy, C.B.; Beatty, A.M.; Helfrich, B.A.; Nieuwenhuyzen, M. Do polymorphic compounds make good cocrystallizing agents? A structural case study that demonstrates the importance of synthon flexibility. Cryst. GrowthDes. 2003, 3, 159–165. [Google Scholar] [CrossRef]

	



Eccles, K.S.; Deasy, R.E.; Fabian, L.; Braun, D.E.; Maguire, A.R.; Lawrence, S.E. Expanding the crystal landscape of isonicotinamide: Concomitant polymorphism and co-crystallisation. CrystEngComm 2011, 13, 6923–6925. [Google Scholar] [CrossRef]

	



Jones, E.C.L.; Bebiano, S.S.; Ward, M.R.; Bimbo, L.M.; Oswald, I.D.H. Pressure-induced superelastic behavior of isonicotinamide. Chem. Commun. 2021, 57, 11827–11830. [Google Scholar] [CrossRef]

	



Li, J.; Bourne, S.A.; Caira, M.R. New polymorphs of isonicotinamide and nicotinamide. Chem. Commun. 2011, 47, 1530–1532. [Google Scholar] [CrossRef]

	



Vicatos, A.I.; Caira, M.R. A new polymorph of the common conformer isonicotinamide. CrystEngComm 2019, 21, 843–849. [Google Scholar] [CrossRef]

	



Nowell, H.; Attfield, J.P.; Cole, J.C. The use of restraints in Rietveld refinement of molecular compounds: A case study using the crystal structure determination of tryptamine free base. Acta Cryst. 2002, B58, 835–840. [Google Scholar] [CrossRef]

	



Hernández-Paredes, J.; Olvera-Tapia, A.L.; Arenas-García, J.I.; Höpfl, H.; Morales-Rojas, H.; Herrera-Ruiz, D.; Gonzaga-Morales, A.I.; Rodríguez-Fragoso, L. On molecular complexes derived from amino acids and nicotinamides in combination with boronic acids. CrystEngComm 2015, 17, 5166–5186. [Google Scholar] [CrossRef]

	



Wagner, C.C.; Torre, M.H.; Baran, J. Vibrational spectra of Copper(II) Complexes of L-proline. Lat. Am. J. Pharm. 2008, 27, 197–202. [Google Scholar]

	



Akalin, E.; Yilmaz, A.; Akyuz, S. Vibrational analysis of isonicotinamide. J. Mol. Struct. 2005, 744–747, 881–886. [Google Scholar] [CrossRef]

	



Vijayalakshmi, A.; Vidyavathy, B.; Peramaiyan, G.; Vinitha, G. Synthesis, growth, structural and optical studies of a new organic three dimensional framework: 4-(aminocarbonyl)pyridine 4-(aminocarbonyl)pyridinium hydrogen L-malate. J. Solid State Chem. 2017, 246, 237–244. [Google Scholar] [CrossRef]

	



Jha, O.; Yadav, R.A. Structural and vibrational investigations of a neurotransmitter molecule: Serotonin (5-hydroxytryptamine). J. Mol. Struct. 2016, 1123, 92–110. [Google Scholar] [CrossRef]

	



Lautié, A.; Lautié, M.F.; Gruger, A.; Fakhri, S.A. Etude par spectrométriei.r. et Raman de l’indole et de l’indolizine. Liaison hydrogène NH⋯π. Spectrochim. Acta A 1980, 36, 85–94. [Google Scholar] [CrossRef]

	



Silverstein, R.M.; Webster, F.X.; Kiemle, D. Spectrometric Identification of Organic Compounds, 7th ed.; John Wiley& Sons, Inc.: Hoboken, NJ, USA, 2005; pp. 102–103. [Google Scholar]

	



Wang, X.-X.; Zhao, J.-J.; Ren, N.; Shi, S.-K. Crystal structure, thermal decomposition behavior, and fluorescence property of lanthanide complexes with 2,4,6-trimethylbenzoic acid. J. Therm. Anal. Calorim. 2022, 147, 10337–10349. [Google Scholar] [CrossRef]

	



CrysAlis PRO; v. 1.171.37.35g; Agilent Technologies Ltd.: Oxford, UK, 2014.

	



CrysAlis PRO; v. 1.171.39.46; Rigaku Oxford Diffraction: Oxford, UK, 2018.

	



Sheldrick, G.M. A short history of SHELX. Acta Cryst. 2008, A64, 112–122. [Google Scholar] [CrossRef] [PubMed]

	



Sheldrick, G.M. Crystal structure refinement with SHELXL. Acta Cryst. 2015, C71, 3–8. [Google Scholar]

	



Farrugia, L.J. WinGX and ORTEP for Windows: An update. J. Appl. Cryst. 2012, 45, 849–854. [Google Scholar] [CrossRef]

	



Macrae, C.F.; Sovago, I.; Cottrell, S.J.; Galek, P.T.A.; McCabe, P.; Pidcock, E.; Platings, M.; Shields, G.P.; Stevens, J.S.; Towler, M.; et al. Mercury 4.0: From visualization to analysis, design and prediction. J. Appl. Crystallogr. 2020, 53, 226–235. [Google Scholar] [CrossRef]








[image: Molecules 27 08203 g001 550] 





Figure 1. The chemical diagrams of the (benzylthio)acetic acid (HBTA) and selected N-containing co-formers. 
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Figure 2. The percentage distribution of the reported forms of carboxylic acid:PRO; (A) carboxylic acid: INA; (B) and carboxylic acid: TPA (C) supramolecular associations [21,22]. 
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Figure 3. Synthetic route for the preparation of supramolecular complexes 1–5. 
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Figure 4. The molecular structure of zwitterionic co-crystals 1 (A), 2 (B) and 3 (C) with atom-numbering scheme. 
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Figure 5. H-bonded synthons in the crystal lattice of 1 (A) and 3 (B). H-bonded ribbon along the a axis and its cross section observed in 1 (C) and 2D network in crystal 3 (D). 
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Figure 6. Comparison of crystal packing of 1 (A) and 3 (B) (orange = HBTA, and blue = PRO±) with geometric presentation of weak contacts in crystal 1 (C) and 3 (D). 
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Figure 7. The molecular structure of 4 with atom-numbering scheme. 
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Figure 8. Three different heterosynthons in co-crystal 4 (A); H-bonded infinite ribbon of 4 along the a axis (B) and its cross section (C); packing diagram along b axis in crystal 4 in the AABB manner (orange = HBTA and blue = INA) (D); π···π stacking between INA molecules and C–H···π interactions between HBTA molecules (E). 
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Figure 9. The molecular structure of 5 with atom-numbering scheme. 
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Figure 10. Strong H-bond interactions between TPA+ and BTA− (A); H-bonded infinite ribbon along the a axis (B) and its cross section (C); packing diagram along b axis (orange = BTA− and blue = TPA+) (D); weak C–H···N/S and C–H···π interaction (E) in the crystal lattice of 5. 
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Figure 11. FT-IR spectra for associations 1–5 in the range of 3800–1200 cm−1. 
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Figure 12. TG and DSC thermograms for complexes 1–5. 
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Table 1. A summary of crystal data and refinement details of the two-component crystals 1–5.
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	Compound
	1
	2
	3
	4
	5





	Empirical formula
	C14H19NO4S
	C14H19NO4S
	C14H19NO4S
	C15H16N2O3S
	C19H22N2O2S



	Formula weight
	297.36
	297.36
	297.36
	304.36
	342.44



	T [K]
	293 (2)
	293 (2)
	100 (2)
	293 (2)
	120 (2)



	Crystal system
	monoclinic
	monoclinic
	orthorhombic
	triclinic
	monoclinic



	Space group
	P21
	P21
	Pna21
	P-1
	P21



	a [Å]
	5.8620 (10)
	5.8945 (15)
	30.900 (2)
	5.6240 (6)
	9.8316 (7)



	b [Å]
	5.4076 (6)
	5.4388 (10)
	8.8317 (6)
	8.4144 (11)
	5.9747 (5)



	c [Å]
	23.570 (3)
	23.773 (4)
	5.2049 (4)
	16.150 (2)
	15.0339 (11)



	α [°]
	90.00
	90.00
	90.00
	79.244 (11)
	90.00



	β [°]
	93.052 (14)
	93.06 (2)
	90.00
	86.751 (10)
	92.051 (7)



	γ [°]
	90.00
	90.00
	90.00
	78.586 (10)
	90.00



	V [Å3]
	746.11 (18)
	761.1 (3)
	1420.40 (17)
	735.85 (16)
	882.54 (12)



	Z
	2
	2
	4
	2
	2



	Dcalc. [g cm−3]
	1.324
	1.298
	1.391
	1.374
	1.289



	µ [mm−1]
	0.229
	0.225
	0.241
	0.231
	0.197



	Crystal size [mm]
	0.3 × 0.3 × 0.05
	0.2 × 0.2 × 0.2
	0.3 × 0.2 × 0.05
	0.3 × 0.2 × 0.03
	0.3 × 0.05 × 0.05



	θ range [°]
	3.462–27.473
	3.461–27.485
	2.637–27.469
	2.568–27.482
	2.711–27.481



	F (000)
	316
	316
	632
	320
	364



	Refl. collected/unique
	5450/3199
	5684/3307
	10,126/3172
	5756/3370
	6796/3886



	Rint
	0.0332
	0.0283
	0.0348
	0.0199
	0.0282



	Observed refl. [I > 2σ (I)]
	2375
	2880
	3006
	2539
	3605



	Completeness to θmax
	0.998
	0.998
	0.998
	0.999
	0.998



	Goodness-of-fit on F2
	1.078
	1.079
	1.066
	1.019
	0.992



	R1, wR2 [I > 2σ (I)]
	0.0583, 0.1137
	0.0452, 0.1028
	0.0331, 0.0752
	0.0452, 0.1109
	0.0375, 0.0854



	R1, wR2 (all data)
	0.0833, 0.1294
	0.0532, 0.1107
	0.0355, 0.0765
	0.0639, 0.1250
	0.0423, 0.0897



	Largest diff. peak/hole [e Å−3]
	0.248/−0.171
	0.324/−0.171
	0.288/−0.188
	0.275/−0.182
	0.263/−0.183



	CCDC no
	2212737
	2212738
	2212739
	2212740
	2212741
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Table 2. Hydrogen bonding parameters (Å, °) in two-component crystals 1–5.
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D–H···A

	
D–H (Å)

	
H···A (Å)

	
D···A (Å)

	
D–H···A (°)

	
Symmetry Code for A






	
L-PRO±·HBTA (1)




	
O1–H1O1···O4

	
1.01 (6)

	
1.67 (6)

	
2.634 (4)

	
159 (5)

	




	
N1–H1N1···O3

	
0.88 (5)

	
2.38 (4)

	
2.938 (4)

	
122 (4)

	
−x + 2, y + ½, −z + 1




	
N1–H2N1···O3

	
0.96 (5)

	
1.92 (5)

	
2.848 (4)

	
163 (4)

	
x, y + 1, z




	
N1–H2N1···O4

	
0.96 (5)

	
2.55 (5)

	
3.265 (5)

	
131 (3)

	
x, y + 1, z




	
C10–H10A···O1

	
0.97

	
2.59

	
3.431 (5)

	
144.6

	
x + 1, y, z




	
C11–H11A···S1

	
0.97

	
2.94

	
3.885(4)

	
165.3

	
x + 1, y, z




	
D-PRO±·HBTA (2)




	
O1–H1O1···O4

	
0.84 (4)

	
1.82 (4)

	
2.656 (3)

	
170 (4)

	
x + 1, y, z




	
N1–H1N1···O3

	
0.85 (4)

	
2.37 (3)

	
2.955 (3)

	
127 (3)

	
−x + 1, y − ½, −z + 2




	
N1–H2N1···O3

	
0.91 (3)

	
1.99 (3)

	
2.865 (3)

	
160 (2)

	
x, y − 1, z




	
N1–H2N1···O4

	
0.91 (3)

	
2.61 (3)

	
3.286 (3)

	
132 (2)

	
x, y − 1, z




	
C10–H10B···O1

	
0.97

	
2.63

	
3.459 (4)

	
143.9

	




	
C11–H11B···S1

	
0.97

	
2.96

	
3.908 (3)

	
165.9

	




	
DL-PRO±·HBTA (3)




	
O1–H1O1···O4

	
0.90 (3)

	
1.71 (3)

	
2.606 (2)

	
169 (3)

	




	
N1–H1N1···O3

	
0.84 (3)

	
2.18 (3)

	
2.632 (3)

	
113 (2)

	




	
N1–H1N1···O4

	
0.84 (3)

	
2.20 (3)

	
2.892 (3)

	
140 (3)

	
−x + ½, y − ½, z + ½




	
N1–H2N1···O3

	
0.91 (3)

	
1.84 (3)

	
2.748 (3)

	
172 (3)

	
−x + ½, y − ½, z − ½




	
C10–H10B···O1

	
0.97

	
2.65

	
3.271 (3)

	
122.2

	
x, y−1, z




	
C11–H11B···O2

	
0.97

	
2.44

	
3.289 (3)

	
146.4

	




	
INA·HBTA (4)




	
O1–H1O1···N1

	
0.91(2)

	
1.70 (2)

	
2.611 (2)

	
175 (2)

	




	
N2–H1N2···O3

	
0.92(3)

	
2.01 (3)

	
2.929 (2)

	
176 (2)

	
−x + 3, −y + 4, −z




	
N2–H2N2···O2

	
0.86(2)

	
2.12 (2)

	
2.965 (2)

	
167.6 (18)

	
x, y + 1, z




	
TPA+·BTA− (5)




	
N1–H1N1···O2

	
0.82(4)

	
2.08 (3)

	
2.800 (3)

	
146 (3)

	
x, y−1, z




	
N2–H1N2···O1

	
0.91(3)

	
2.00 (3)

	
2.869 (3)

	
159 (2)

	




	
N2–H2N2···O1

	
0.96(3)

	
1.83 (4)

	
2.793 (3)

	
175 (3)

	
−x + 1, y + ½, −z + 2




	
N2–H3N2···O2

	
0.85(4)

	
1.93 (4)

	
2.776 (3)

	
174 (4)

	
−x + 1, y − ½, −z + 2




	
C2–H2B···N1

	
0.97

	
2.61

	
3.537 (4)

	
161.1

	




	
C10–H10···O1

	
0.93

	
2.53

	
3.458 (3)

	
173.5

	
−x + 1, y − ½, −z + 2




	
C19–H19A···S1

	
0.97

	
3.02

	
3.709 (3)

	
129.0

	
−x + 1, y + ½, −z + 2
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