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Editorial on the Research Topic 
Suprastars of Chemistry

The field of Supramolecular Chemistry has rapidly evolved over the last decades to the point where it now influences a diverse range of research areas, drives technological breakthroughs, and often results in breathtaking feats of ingenuity along the way. None of these advancements would be possible without the creativity and talent of supramolecular chemists throughout the world, and this Research Topic aims to celebrate those scientists as leading experts in the field—the “Suprastars.”
In this collection, excellent works cover fundamental research on self-assembly behavior, structure-property relationships, and chirality control, as well as attractive applications such as bioimaging, sensing, photodynamic therapy, and other related areas. The self-assemblies and supramolecular systems are facilitated by various kinds of dynamic non-covalent interactions, such as π-π interaction, (Hunter and Sanders, 1990; Shao et al., 2013; Fagnani et al., 2017; Xiao et al., 2019a; Mahl et al., 2022) macrocyclic host-guest interaction, (Yu et al., 2015; Xiao et al., 2019b; Roy et al., 2020; Xiao et al.; Fang et al., 2022) metal-coordination, (Sun et al., 2010; McConnell et al., 2015; Datta et al., 2018) and hydrophobic interactions (Chang et al., 2019; Xiao et al., 2019c) etc., which endow the corresponding materials with outstanding and highly desirable properties including reversibility, tunability, and stimuli-responsiveness.
In particular, macrocyclic host-guest chemistry is a hot topic in supramolecular chemistry on account of the continuous development of supramolecular macrocycles, such as crown ethers, (Pedersen, 1967; Price and Gibson, 2018; Xiao et al., 2021) cyclodextrins, (Szejtli, 1998; Harada et al., 2014) cucurbiturils, (Lagona et al., 2005; Masson et al., 2012; Ni et al., 2014; Barrow et al., 2015; Murray et al., 2017; Chen et al., 2022; Huang et al., 2022) calixarenes, (Böhmer, 1995; Guo and Liu, 2014), and pillararenes (Xue et al., 2012; Strutt et al., 2014; Ogoshi et al., 2018; Xiao et al., 2018; Xiao et al., 2019d; Wan et al., 2022). Fullerenes remain important compounds with promising applications in biomedical research but their hydrophobicity limits deployment in the body. Zhang et al. developed a water-soluble supramolecular nanoformulation based on a deep cavitand calixarene system (SAC4A), which is able to host fullerene via a simple grinding approach. The system enables efficient activation of reactive oxygen species and can be used as a potential photodynamic agent. Duan et al. developed a pillararene-indicator displacement system. The water-soluble pillar [6]arene macrocycle can greatly enhance the fluorescence of safranine T (ST) due to host-guest induced twisted intramolecular charge-transfer. The system can be used as a turn-off sensor for caffeine in water due to guest exchange.
As another important property, manipulating molecular chirality has been attracting significant attention. Liu et al. synthesized several new chiral pillar [4]arene [1]quinone derivatives, which showed unique chiroptical properties. Notably, the benzene sidearm attached pillar [4]arene [1]quinone derivative exhibited solvent- and complexation-driven chirality switching. Hemicucurbiturils are chiral macrocyclic hosts similar to the cucurbituril macrocycles and their monomeric units are connected by one row of methylene bridges. Ustrnul et al. systematically studied the complexation between cyclohexanohemicucurbit [n]urils and eighteen polar organic guests.
Metal-coordination is another important non-covalent interaction that is usually employed by supramolecular chemists to construct discrete entities including metallacycles (Chakrabarty et al., 2011) and metallacages, (Mal et al., 2009; Sun et al., 2010) as well as infinite architectures such as supramolecular polymers (Winter et al., 2016) (Winter and Schubert, 2016) and metal-organic frameworks (MOF) (Stock et al., 2012), (Stock and Biswas, 2012) etc. One particularly interesting application of supramolecular analytical methods is in the assessment of food freshness. As such, Lyu et al. developed a self-assembled colorimetric chemosensor array for the qualitative and quantitative detection of sulfur-containing amino acids. It is noteworthy that the sensor is based on the reversible coordination between off-the-shelf catechol dyes and Zn2+, which offered obvious color changes in the presence of the analytes.
Helicates are another class of interesting metallo-supramolecular architecture that may have potential biological applications. Lisboa et al. and Lisboa et al. synthesized two new di (2,2′-bipyridine) ligands, which can self-assemble into specific metallo-supramolecular [Fe2(L)3](BF4)4 cylinders. Moreover, in vitro cytotoxicity assays showed that these helicates were active against several cancer cell lines.
Metal-organic cages (MOCs) also belong to metallo-supramolecular architectures and their cavities are capable of binding guest molecules. In a mini review, Diaz and Lewis focused on the structural flexibility in MOCs and summarized typical examples of MOCs reported in recent years.
Supramolecular polymers based on coordination interactions are polymeric arrays in which the building blocks are brought together via metal coordination. Mackenzie et al. synthesized a 1D coordination polymer consisting of silver(I) ions bound to a [2.2] paracyclophane scaffold. The coordination polymer was fully characterized by single crystal X-ray analysis and shows strong blue fluorescence.
MOFs provide an effective template for polymerization of polymers with precisely controlled structures within the nanochannels. Wonanke et al. explored the interaction of styrene and 3,4-ethylenedioxythiophene (EDOT) at the surface and in the nanopore of a Zn-MOF. They discovered that the monomer-MOF interaction is strongest inside the nanochannels and increases with the number of monomers.
Given the π-π interaction between large polycyclic aromatic hydrocarbon (PAH) molecules and fullerene, Gover et al. developed a new combined TEM and MALDI-TOF mass spectroscopic approach to detect different nano-architectures.
Hydrophobic interactions predictably drive amphiphiles to form nano-assemblies in water. Ranathunge et al. linked a hydrophobic dye TRPZ to a hydrophilic dendron via azide-alkyne Huisgen cycloaddition to prepare an amphiphilic system TRPZ-bisMPA, which can further form nanoparticles in aqueous media. The authors reported that TRPZ-bisMPA nanoparticles are of low cytotoxicity, hence being suitable for bioimaging.
In another work, Magna et al. developed a facile and rapid method to achieve chiral porphyrin films on a glass support. They systematically studied the solvent effect and glass substrate on the film formation.
In summary, this Research Topic has highlighted the most advanced and cutting-edge developments in supramolecular chemistry led by “Suprastars” from all over the world. By taking the advantage of dynamic supramolecular interactions, a series of functional self-assembled nano-architectures have successfully been constructed and been fully evaluated. More interestingly, the intersection of supramolecular chemistry and other disciplines has yielded new characterization methods and novel functional materials. We believe that more and more “Suprastars” in the field of supramolecular chemistry will emerge and as a result more and more impact rich research continue to evolve.
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Motivated by their importance in chemistry, physics, astronomy and materials science, we investigate routes to the formation of large polycyclic aromatic hydrocarbon (PAH) molecules and the fullerene C60 from specific smaller PAH building blocks. The behaviour of selected PAH molecules under electron (using transmission electron microscopy, TEM) and laser irradiation is examined, where four specific PAHs—anthracene, pyrene, perylene and coronene—are assembling into larger structures and fullerenes. This contrasts with earlier TEM studies in which large graphene flakes were shown to transform into fullerenes via a top-down route. A new combined approach is presented in which spectrometric and microscopic experimental techniques exploit the stabilisation of adsorbed molecules through supramolecular interactions with a graphene substrate and enable the molecules to be characterised and irradiated sequentially. Thereby allowing initiation of transformation and characterisation of the resultant species by both mass spectrometry and direct-space imaging. We investigate the types of large PAH molecule that can form from smaller PAHs, and discuss the potential of a “bottom-up” followed by “top-down” mechanism for forming C60.
Keywords: PAH, fullerene, chemTEM, self-assembly, bottom-up
INTRODUCTION
There is widespread interest in planar aromatic and fullerenic carbon macromolecules, and in transformations between these molecular forms. The significance of these structures extends across organic, environmental, combustion, biomedical and materials chemistry, and, particularly in the context of this paper, carbon quantum dots (Tian et al., 2018; Yan et al., 2019; Semeniuk et al., 2019), and the chemistry and physics of these molecules in astronomy (Tielens, 2013). Polycyclic aromatic hydrocarbon (PAH) molecules were first suggested to be of importance in an astronomical context by Donn (1968) and are now known to be present in numerous astrophysical environments (Tielens, 2008; Tielens, 2013). The C60 molecule, discovered serendipitously in experiments motivated by astronomical questions (Kroto et al., 1985), has been found in a wide range of astronomical sources from planetary nebulae to young stellar objects and the interstellar medium (see references in Roberts et al., 2012; Berné et al., 2015a; Berné et al., 2015b; Maier and Campbell, 2016; Linnartz et al., 2020).
In this paper we report electron- and photon-promoted self-assembly experiments in which small planar aromatic molecules ranging in size from anthracene (C14H10) to coronene (C24H12), adsorbed on a graphitic surface, are exposed to an electron beam or laser radiation, in which chemical evolution to form larger PAHs and C60 is probed by transmission electron microscopy and mass spectrometry. We first briefly review “top-down” and “bottom-up” supramolecular pathways to carbon macromolecule formation.
In respect of “top-down” formation, high-resolution TEM has revealed that nm-sized flakes of graphene can transform into C60 as a result of high energy electron beam (e-beam) irradiation (Chuvilin et al., 2010). This occurs through loss of carbon atoms from the graphene edge, resulting in the formation of pentagons which is considered to be an essential step in folding the planar structure to form a fullerene cage. The mechanism proposed included calculated energies of the required intermediates and revealed stability of the fullerene structure to be the overall driving force in the formation process (Chuvilin et al., 2010). Comparison between the TEM results and conditions in the interstellar medium led to a proposed “top-down” C60 formation mechanism involving UV photo-processing of large PAH molecules, which are known to be ubiquitous in space (Berné and Tielens, 2012; Tielens, 2008). The “top-down” mechanism in this case involves UV-photolysis-initiated dehydrogenation of PAHs containing approximately 70 carbon atoms to form small graphene flakes (Goroff, 1996), loss of a carbon atom, followed by pentagon formation within the structure. This has been explored theoretically in a study carried out to calculate IR spectra of intermediates in the fullerene formation process to make comparison with IR interstellar emission features (Galué, 2014). This top-down model is supported by laboratory studies that have revealed photofragmentation patterns of large PAHs (>60C atoms) which are consistent with the formation of C60 (Zhen et al., 2014). Recent modelling of the conversion of circumovalene (C66H20) to C60 suggests that only PAH molecules with between 60 and 66 carbon atoms may be of practical significance for the formation of C60 in the NGC 7023 nebula due to the extended timescale required for loss of C2 units in the shrinking of larger structures (Berné et al., 2015a).
The “bottom-up” formation of large PAHs/quantum dots and C60 from smaller molecular precursors has received increasing attention recently from both terrestrial and astronomical perspectives through both gas and surface reactions. For generation of large PAHs on non-metallic surfaces, approaches include thermal fusion of coronene (Talyzin et al., 2011) and pentacene (Ishii et al., 2011), soft X-ray irradiation of pentacene (Heya et al., 2020), and oligomerization of dehydrogenated PAHs deposited as cations from the gas phase (Weippert et al., 2020). In respect of fullerene formation, this route is supported by experimental observation of C60 formation during the pyrolysis of PAHs (Taylor et al., 1993; Osterodt et al., 1996), laser pyrolysis of hydrocarbons (Ehbrecht et al., 1993; Armand et al., 1997) and laser desorption ionisation (LDI) of triphenylene in an experiment that combines LDI with ion-mobility mass spectrometry (Han et al., 2016). Gas-phase formation of large PAHs includes conversion of ionic pyrene clusters under laser irradiation (Zhen et al., 2018), and pyrene-dicoronylene and hexabenzocoronene-anthracene equivalents (Zhen 2019; Zhen et al., 2019). Separately, isolable quantities of C60 have been synthesized in 12 steps from commercially available starting materials, finally proceeding via a molecular polycyclic aromatic chlorine substituents at key positions which forms C60 when subjected to flash vacuum pyrolysis at 1,100°C (Scott et al., 2002).
In this work we investigate the fate of small PAHs under experimental laboratory conditions in which C-H bonds are broken photochemically or by electron impact; ionisation of the samples may also occur. Our approach builds on the previously reported ChemTEM methodology of encapsulating molecules in nanosized carbon test tubes and simultaneously initiating and interrogating molecular reactions using a beam of electrons as a local-probe/local-stimulus simultaneously (Skowron et al., 2017). Herein, we explore a low-dimensional material, graphene sheets, as a nano-sized petri dish, to connect PAH molecules with the macroworld, i.e., hold them in place on the TEM grid (Markevich et al., 2015; Mirzayev et al., 2017), and utilise both local (e-beam) and macro-probes (a beam of photons) to investigate the chemistry of PAHs. PAHs have affinity for graphene (Björk et al., 2010; Dappe et al., 2015) and readily form stable supramolecular complexes (e.g., PAHs adsorbed on graphene by π - π interactions), which allows us to study the molecules both by TEM and by matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-TOF MS). This combined approach enables the correlation of data from the local-probe and bulk-probe analysis methods for the first time, and reveals important aspects of the molecular polycondensation process, including intermediate species, and determine mechanistic details linking specific molecular precursors with formation of large PAHs and C60. In addition, our new methodology was designed and implemented to utilise both of the aforementioned experimental techniques to enable characterisation of species and initiation of reactions within an identical location of a sample, so that transformation processes and molecular speciation could be carried out at each step of the experiment.
RESULTS AND DISCUSSION
Electron-Beam Irradiation of PAHs
TEM is a useful tool for probing transformations of carbon species with a vacuum chamber pressure of approx. 10−12  mbar and high-energy electrons to initiate transformations. It has been shown by Chuvilin et al. that under these conditions graphene flakes can undergo transformations that result in the formation of fullerene molecules (Chuvilin et al., 2010). However, in our study irradiation by the electron beam of TEM was carried out on discrete PAH molecules, rather than non-uniform flakes of graphene, in order to initiate and monitor transformations of these molecules, and hence to elucidate the processes, including fullerene formation, that occur. In these experiments, the electrons can transfer sufficient energy to remove hydrogen atoms from PAHs (Chamberlain et al., 2015) and promote rearrangement of carbon atoms, while imaging these induced transformations as they are occurring.
A full description of all experimental procedures and materials is provided in the Supplementary Material. TEM was carried out on the PAH molecules anthracene, pyrene, perylene and coronene. These molecules were supported on few-layers graphene—to dissipate any ionisation and heating effects caused by the e-beam—and then irradiated by the e-beam in TEM for approximately 30 min, with images taken periodically at intervals of 1.5 min (on average). Under these conditions, chemical transformations are driven by the momentum of the fast electrons which is transferred directly to the atoms within the molecules (Supplementary Material). All experiments were performed using a 100 keV e-beam and a dose rate of approximately 109 e− nm−2 s−1, under which conditions the knock-on damage experienced by the PAH molecules leads predominantly to ejection of their hydrogen atoms (Chamberlain et al., 2015). The PAH molecules are left with very reactive carbon radical sites at their edges; these react quickly via dimerisation or cross-coupling reactions, to create new C-C bonds, culminating in the formation of PAH “oligomers.” These can be thought of either as larger PAH molecules, or as small graphene-like flakes (sp2 islands). The formation of oligomeric species is seen to occur for all four PAH samples (see Supplementary Material for a complete set of time series images for each PAH, and videos), with the example of perylene being given in Figure 1A. In this figure, the initial frame of the time series shows no defined structures, whereas in the final frame well-defined shapes with dark, high-contrast edges can be seen, indicating the formation of discrete new molecular species on the carbon surface. These species increase in size over the duration of the experiment (Supplementary Table S1), suggesting addition to, rather than fragmentation of, the original molecule; hence, this supports the idea of growth and formation of PAH aggregates and “oligomers.” The influence of the e-beam on the molecules and oligomers is seen due to the changes in the shapes of the structures that are observed. This is demonstrated in Figure 1B, which shows the example of coronene under the e-beam, and the change in shape of one of these structures over time. For illustrative purposes the structures of a number of coronene molecules are depicted over the TEM micrograph; in this way shapes seen in the micrograph can more easily be visualised as individual molecules or oligomers. After prolonged e-beam irradiation examples are seen in which the more circular PAH oligomers appear to have “rolled” up to form fullerene-type structures, in a manner similar to the process described by Chuvilin et al. (2010). We propose that under the conditions of our experiments the structure of the PAH oligomer is crucial as to whether it can be transformed into C60 over time, for example conversion of the collinear coronene species shown in Figure 1B to C60 would involve a large number of C-C bond breaking events and thus is unlikely to occur (see Supplementary Section S6 for full details). Figure 1C shows an example of a fullerene structure formed during the e-beam exposure of coronene. This has a measured diameter of ∼0.8 nm, which is comparable to the diameter of C60 (c.f. the crystallographic diameter of C60 = 0.71 nm, see Liu et al., 1991). Similar fullerene structures are also observed for perylene, as highlighted in Figure 1A, Supplementary Figure S3. It is important to note that irradiation of control samples in which blank graphite substrates were present showed no evidence of the formation of PAH oligomers or C60 (see Supplementary Material for details).
[image: Figure 1]FIGURE 1 | (A) HRTEM time series of images showing the transformation from a spatially undefined starting sample of perylene (at 10 s) to well-defined “islands” or oligomers (570 s) and fullerene structures adsorbed on surface of graphite support. White arrows indicate examples of newly formed, stable oligomers and black arrows show fullerene structures. (B) HRTEM images showing the evolution of PAH oligomers, resulting from the irradiation of coronene over a time period of ∼60 s. As a guide; coronene structures are overlaid the micrographs in the zoomed-in inserts. (C) HRTEM showing an example of fullerene structure (see zoomed-in region), formed as a result of prolonged irradiation of coronene, alongside a line profile plot showing the structure to have a diameter comparable to C60 (0.8 ± 0.1 nm).
The PAH oligomers formed as a result of these transformations are found to be stable, as demonstrated by their long lifetime under the e-beam. There are a number of published examples in which PAH molecules are seen to polymerize in this way under the electron beam in TEM experiments (Talyzin et al., 2011; Fujihara et al., 2012; Botka et al., 2014). For example, the commonly seen transformation of coronene to dicoronylene can happen on the coming together of two coronene molecules, having ejected one or more hydrogen atoms, with the driving force being the formation of a new stable, six-membered ring between the two, and the overall conservation of planarity and aromaticity in the final molecule. In this way, it can be seen how bottom-up construction of larger PAHs, or PAH oligomers, can be a facile process under these irradiation conditions.
UV Irradiation of PAHs
Many of the transformations likely to occur in the ISM are initiated by the irradiation of molecules with UV photons or high-energy cosmic rays. Hence, the photo-processing of PAHs, with a focus on fullerene formation, was investigated using a source of UV photons. MALDI-TOF MS is traditionally used to characterize molecules and identify molecular structures and causes little damage to the sample as it uses low UV laser fluence to vaporize and ionise the molecular species. However, if the fluence of the UV laser is increased, it can be used as a source of UV photons which are capable of initiating transformations within a sample. UV irradiation of pyrene was carried out for a range of values of laser fluence; at low laser fluence the mass peak for pyrene (m/z = 202) dominates, whereas at higher fluence heavier molecules form and are detected (for mass spectra see Supplementary Figure S5).
A thin layer of each of the four PAH samples was drop-cast onto a stainless steel sample holder, inserted into the vacuum chamber (10–7 mbar) and irradiated using the Nd:YAG laser (355 nm, 5 ns) of the MALDI-TOF mass spectrometer. The laser fluence was varied between ∼2,000 and ∼2,600 mW cm−2, which equates to a “dose rate” (comparable to that of the e-beam in TEM) of ∼34,000–∼44,000 hν nm−2 s−1 (see Supplementary Material for full details). In each case, experiments carried out at low laser fluence showed the presence of the corresponding molecular ion peaks only, indicating simply that the PAH molecules were being vaporised and ionised, as in the example of pyrene described above. At higher laser fluence the resultant mass spectra revealed the formation of larger structures; major peaks are seen at two or three times the mass of the individual PAH, minus a number of mass units. These are assigned to PAH oligomer structures formed through C-C bond formation following the loss of hydrogen atoms; this hydrogen atom loss accounts for the unit mass deficit that is observed. Similar irradiation-induced formation of PAH oligomers, specifically from coronene to form larger coronene oligomers, has been reported (Joblin et al., 1997). Figure 2 shows the resultant mass spectra following high laser fluence (∼2,600 mW cm−2) irradiation of (A) anthracene, (B) pyrene, (C) perylene and (D) coronene, and includes proposed structures of the oligomers formed above their corresponding mass peaks. Descriptions and m/z values of the PAH molecules and oligomers are given in Supplementary Table S2. The formation of oligomeric PAH structures under these conditions is expected to occur due to the loss of hydrogen atoms on the periphery of the PAH. This is similar to the process when the sample is irradiated under the e-beam of TEM; the loss of a hydrogen atom results in the formation of a reactive carbon radical, which can react with a neighbouring molecule to form a new C-C bond. It is important to note that a MALDI-TOF experiment with a blank graphite substrate showed no evidence of the formation of PAH oligomers or C60 (Supplementary Material for details).
[image: Figure 2]FIGURE 2 | Mass spectra resulting from UV laser irradiation at high laser fluence (∼2,600 mW cm−2) of; (A) anthracene, (B) pyrene, (C) perylene and (D) coronene. Proposed structures of the species present are illustrated above the corresponding m/z peaks.
In addition to the formation of PAH oligomers, irradiation of coronene and perylene also resulted in a distinctive signal at 720 m/z (Figure 2), corresponding to the fullerene C60. The formation of C60 from the irradiation of PAHs is important in relation to the question of C60 formation in astrophysical environments, since, while not altogether surprising considering the experimental conditions under which the molecule was discovered, this is a clear transformation solely from PAH precursors of defined initial structure. The results of this paper show, as demonstrated by mass spectrometric measurements and direct-space imaging, that fullerenes are able to form from PAHs under both UV and e-beam irradiation.
Fullerene Formation
As the PAHs investigated here have fewer than sixty carbon atoms, and considering the facile formation of PAH oligomers, it is probable that C60 formation occurs as a result of shrinking, via the ejection of C2 units and hydrogen atoms, of PAH oligomers that contain at least sixty carbon atoms. An astrophysical “bottom-up” followed by “top-down” mechanism can therefore be envisaged, involving the aggregation of the initial PAH molecules to form oligomers, followed by ejection of a number of atoms and rearrangement of bonds to produce the stable fullerene structure. With this in mind, the mass spectrum peaks corresponding to ≥60 C atom oligomers of perylene and coronene were examined more closely in order to determine the precise masses and probable structures of these molecules, and to elucidate the products of intermediate mechanistic steps.
Figure 3 shows the mass spectrum resulting from the MALDI-TOF MS irradiation of perylene, in addition to proposed mechanistic steps involved in the formation of C60. A corresponding figure, and discussion, involving coronene is given in the (Supplementary Figure S14). The mass spectrum of Figure 3 shows a distribution of peaks that are separated by two mass units, of which the largest peak falls at m/z = 744. This peak is assigned to the perylene trimer, labelled 1 in Figure 3. N.B. Less compact, “linear” trimer species were also considered as candidates but no conceivable structure matched the molecular masses observed in the MS. Proposed structures responsible for additional peaks in the distribution (m/z = 742, 740, and 738) are labelled 2, 3 and 4 respectively. These structures result from the loss of two hydrogen atoms, at so-called “fjord” positions in the oligomers, followed by the formation of a new C-C bond, driven by the instability of the carbon radicals that result from the initial hydrogen loss. This process provides a route for the formation of a pentagon at that position, which is a significant step as it introduces curvature into the previously planar molecule; this has been discussed by Mackie et al. (Mackie et al., 2015) for dehydrogenated PAHs in an astrophysical context.
[image: Figure 3]FIGURE 3 | Section of the mass spectrum (Figure 2C) resulting from UV irradiation of perylene (top) and our proposed mechanistic steps based on the MALDI-TOF data and chemical intuition, showing the transformation from the perylene trimer to C60. The ring sizes of key parts in the structures are shown in red, and the rotated bonds and newly formed bonds are highlighted in blue and yellow respectively.
The final mechanistic steps in Figure 3 show examples of the H atom loss, C-C bond formation, and rearrangement processes that lead to the fullerene molecule. Molecule 4 has no remaining “fjord” positions in the structure; however, if H atom loss occurred at the “bay” positions indicated in the figure, subsequent C-C bond formation would result in the creation of a strained four-membered ring. To stabilise this, a C-C bond has been highlighted that could undergo a Stone-Wales rearrangement (Stone and Wales, 1986) resulting in the formation of the structure labelled 5. From there, there are two additional positions at which this H-loss, C-C bond formation and Stone-Wales rearrangement sequence can occur. The result of completing these steps at both positions is structure 6. Between 6 and 7, three potential Stone-Wales rearrangements are highlighted, the results of which would yield a structure that contains only five- and six-membered rings and with a curved shape which can then “zip-up” to form a fullerene molecule (8).
The mechanistic steps proposed here may not be exact, nor can the precise order of steps be determined, especially within the suggested H-loss, C-C bond formation and Stone-Wales rearrangement sequence that occurs a number of times. However, support for steps of this nature is given through the evidence seen in the detection of species by mass spectrometry. It is certainly the case that C60 is an extremely stable molecule, due to its lack of edges, and as such it is feasible that the loss of one or more hydrogen atoms from the edge of a PAH oligomer, and the subsequent bond formations and rearrangements, would initiate a thermodynamically driven process of which the end result is the most stable molecule, under the irradiation conditions, i.e., a fullerene.
The fact that C60 forms only in the case of coronene and perylene is noteworthy, and suggests a dependence on the structure of the initial PAH, or of the oligomers that are formed. An analogous result was obtained for triphenylene by Han et al. (2016) though their mechanistic interpretation differs and is focused on the “zipper” mechanism involving the rapid, concerted formation of 12 pentagon rings in one step between two overlying PAHs as advanced by Homann and co-authors. The “zipper” mechanism is based principally on topological considerations and mass spectrometric observations of hydrocarbon rich, sooting flames (Baum et al., 1992; Ahrens et al., 1994). However, such a mechanism does not explain our MS observations which reveal intermediate, discrete PAH oligomers which sequentially lose pairs of H atoms in individual steps. This could potentially be due to the nature of the energy source in our experiments, with the use of electrons or UV photons resulting in a much more stepwise mechanism compared to a thermally driven processes.
In both mechanisms the ability to form pentagons appears to be a key aspect in the propensity of a PAH to form C60. However, pentagon formation could also in principle occur for oligomers of anthracene and pyrene, and not only for coronene and perylene. In the case of anthracene, the highest mass oligomer that is detected following irradiation corresponds to C28H16, and if no oligomers with more than sixty carbon atoms are formed, then they cannot “shrink” to form the fullerene molecule. Pyrene, however, forms an oligomer that is detected in MS and is assigned to C64H22 (m/z = 790), so it appears that another structural aspect is important. The lack of C60 formation could be due to the “compactness” of the PAH oligomer following the “bottom-up” stage of the process, or it could be related to the symmetry of the oligomer; both perylene and coronene trimers have a C3 axis of rotation perpendicular to the plane of the molecule, whereas the pyrene tetramer has a C2 axis of rotation in this position. Interestingly, experiments in which an equimolar mixture of pyrene and coronene are irradiated reveal the formation of both discrete PAH oligomers consisting of fragments of both species and C60 implying the structure of the PAHs is important, see Supplementary Material for full details.
Combined Transmission Electron Microscopy and MALDI-TOF MS Experiments
An experimental methodology was designed to initiate and characterize PAH transformations sequentially in order to confirm the resultant products using both microscopy and mass spectrometry. Figure 4 shows a schematic illustration detailing the steps involved in this “probe-stimulus-probe” arrangement.
[image: Figure 4]FIGURE 4 | Schematic illustration of the “probe-stimulus-probe” format in which an area of coronene deposited on a TEM grid is characterized using low-dose TEM, and then irradiated using the UV laser of MALDI-TOF MS to initiate transformations within the sample. Finally, the irradiated area is characterized again, using the locators on a TEM finder grid, to view the results of the induced transformations and determine the nature of any products formed.
A sample of coronene was supported on a graphite flake, deposited on a TEM finder grid and imaged by TEM using a low dose (∼106 e− nm−2 s−1) of electrons and minimal exposure time to avoid transformations induced by the e-beam. The PAH sample on the grid was then irradiated with the UV laser in MALDI-TOF MS at high laser fluence (∼2,600 mW cm−2); the resultant mass spectrum showed coronene oligomers and C60. Finally, the irradiated area of the sample was reanalysed using low dose TEM to assess the effect of the UV laser irradiation. TEM micrographs obtained within the UV irradiated area of the sample reveal the formation of a number of fullerene structures not observed prior to UV irradiation. Figure 5 shows the results of this experiment, and includes the TEM micrographs obtained before and after the high laser fluence irradiation of the coronene sample, along with the mass spectrum acquired as a result of the MALDI-TOF MS (middle) part of the experiment. In addition, the sample showed far greater stability under the e-beam following UV irradiation, with structures appearing relatively static and less susceptible to e-beam-induced transformations. This indicates that the fullerene structures seen in the “after” image are in fact fullerene cages, and not remaining PAH molecules of the same diameter; if this were the case then the same sequence of peripheral hydrogen loss leading to formation of higher mass oligomers would be seen.
[image: Figure 5]FIGURE 5 | TEM micrographs (A) of a sample of coronene before and after laser irradiation using MALDI-TOF MS. Boxes highlight fullerene structures seen following laser irradiation along with a magnified example illustrating the diameter of the structure (0.7 ± 0.1 nm). The mass spectrum resulting from the UV irradiation of the sample (B) shows the oligomer structures assigned to major peaks, along with the detection of C60.
This experimental format can in principle be reversed, so that low laser fluence MALDI-TOF MS is used as the initial “probe,” to characterize the sample before and after irradiation, and high dose TEM is used to initiate transformations within the sample. Experiments of this type are not presented here, however, due to difficulties regarding the difference in the size of the irradiated area in TEM and MALDI-TOF MS.
CONCLUSION
The existence of PAHs and fullerenes in the ISM is well established, but transformation mechanisms linking these molecules are not well understood. In this study we have demonstrated that under harsh laboratory conditions (UV laser or e-beam irradiation), medium-sized PAHs do not disintegrate, but assemble into larger carbon structures via the loss of hydrogen atoms and the condensation of reactive radical species into larger aromatic molecules with ≥60 C atoms. These undergo transformations, forming closed carbon cages — fullerenes — which are thermodynamically the most stable form of carbon at the nanoscale.
Detailed study of the molecular species in MS has shed light on mechanisms of PAH conversion to C60. Mechanistic steps are proposed in which the initial irradiation-induced loss of hydrogen atoms leads, via carbon radical-containing species which react with neighbouring molecules, to the formation of large planar oligomers. A second “top-down” step involves H atom loss, C-C bond formation, and rearrangements such as Stone-Wales within the planar oligomers which promote the formation of pentagonal rings, and the subsequent rolling up of the structure to form fullerene cages. Notably, for the cases considered here, high-energy ejection of a carbon atom is not required to form a pentagonal ring as is the case for zig-zag-edged graphene (Chuvilin et al., 2010).
An experimental strategy developed in this study enabled the use of MALDI-TOF MS and TEM as triggers of PAH transformations at high dose rates of UV laser or e-beam, or as analytical tools—monitoring molecular weights in MS or molecular size in TEM imagery, respectively. The cross correlation of microscopy and mass spectrometry measurements, performed here for the first time, reveals that PAHs grown from coronene and perylene undergo major transformations leading to the formation of C60 fullerenes while pyrene and anthracene under the same conditions form large oligomers but no fullerenes.
Our laboratory observations indicate that high-energy radiation (UV or fast electrons) triggers chemical transformations in PAHs similar to those proposed under interstellar conditions, and therefore this work provides significant support for the hypothesis that PAH molecules can be precursors to fullerene formation in the ISM. Detailed, step-by-step mechanisms have been proposed that reveal the nature of key intermediate steps within the fullerene formation process from large PAH molecules, and these reflect examples of the mechanistic steps that may be expected in the formation of C60 in interstellar environments.
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Metal-organic cages (MOCs) have emerged as a diverse class of molecular hosts with potential utility across a vast spectrum of applications. With advances in single-crystal X-ray diffraction and economic methods of computational structure optimisation, cavity sizes can be readily determined. In combination with a chemist’s intuition, educated guesses about the likelihood of particular guests being bound within these porous structures can be made. Whilst practically very useful, simple rules-of-thumb, such as Rebek’s 55% rule, fail to take into account structural flexibility inherent to MOCs that can allow hosts to significantly adapt their internal cavity. An often unappreciated facet of MOC structures is that, even though relatively rigid building blocks may be employed, conformational freedom can enable large structural changes. If it could be exploited, this flexibility might lead to behavior analogous to the induced-fit of substrates within the active sites of enzymes. To this end, in-roads have already been made to prepare MOCs incorporating ligands with large degrees of conformational freedom. Whilst this may make the constitution of MOCs harder to predict, it has the potential to lead to highly sophisticated and functional synthetic hosts.
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INTRODUCTION
Metal-organic cages (MOCs) are self-assembled structures derived from carefully selected combinations of metal ions and ligands (Cook and Stang, 2015; Debata et al., 2019; Pilgrim and Champness, 2020). Porous MOCs of myriad shape and size are capable of binding guest molecules in their cavities (Rizzuto et al., 2019), leading to applications in catalysis (Yoshizawa et al., 2009; Sinha and Mukherjee, 2018), storage of reactive species (Galan and Ballester, 2016), molecular separations (Zhang et al., 2021), and drug delivery (Casini et al., 2017) amongst others. Guest-binding is a complex process involving contributions from enthalpic and entropic factors for both the encapsulation of the guest(s) and the liberation of solvent molecules (or displacement of extant guest molecules) (Metherell et al., 2018). The 55% rule originally established by Rebek (Mecozzi and Rebek, 1998) has been a good guiding principle when predicting molecular binding based on the packing coefficient of the guest inside the host’s cavity. This volume-based approach, however, assumes the cavity to be static and therefore does not take into consideration host flexibility, which can greatly affect cavity size and shape and is a relatively underexplored consideration. The ability to harness this structural flexibility could lead to enzyme-like conformational adaptability (Boehr et al., 2009; Feixas et al., 2014). Characterising host flexibility is therefore crucial to understanding its effects on any potential applications.
In this mini review we highlight examples from the literature that demonstrate the inherent structural flexibility of rigid metal-organic hosts, both in solution and the solid-state, and examine the limited number of examples wherein units with high degrees of conformational freedom have been purposefully incorporated into ligand frameworks. A focus is placed on assemblies that undergo conformational, rather than configurational, changes without requiring dissociation and rearrangement of components. Full-scale compositional changes will not be covered, although it is noted than for some examples the involvement of bond dissociation in the mechanism of observed adaptability cannot be absolutely excluded. Neither will assemblies with stimuli-responsive, switchable units be included (Han et al., 2013; Oldknow et al., 2018), which have been covered elsewhere (McConnell et al., 2015). This review is not intended to be comprehensive—selected examples from the literature have been chosen to demonstrate key principles.
OBSERVATION OF STRUCTURAL FLEXIBILITY IN SOLUTION
Various 1D and 2D NMR techniques are commonly used to characterise MOCs and to probe their guest-binding properties. Flexibility arising from conformational freedom, however, is likely to occur rapidly on the NMR timescale, resulting in a time-averaged structure. This makes it difficult to gain accurate information regarding the extent of conformational plasticity. Despite this, observations made during particular experiments can allow inference of structural flexibility, often aided by use in conjunction with SCXRD data.
In 2003 Shionoya and co-workers reported the synthesis of the helical sandwich-shaped assembly [Ag3(1)2]3+ as a racemic mixture of the M and P isomers (Figure 1A), demonstrated in solution through the formation of the Δ-TRISPHAT salt (Hiraoka et al., 2003). At 253 K (in 2:1 d6-acetone/CDCl3) two sets of equal intensity signals were observed for the two enantiomers, suggesting a lack of chiral induction from the anion. Upon increasing the temperature to 303 K coalescence to a single set of signals was observed, the result of rapid interconversion between the P and M enantiomers on the NMR timescale. In order to switch between the two enantiomers, the cage likely transitions through a high energy, achiral conformer with an increased distance between the core phenyl units of the ligands (< 1 Å). In an analogous complex, [Ag3(2)2]3+, interconversion between isomers occurred rapidly only at elevated temperatures, indicating a larger energy barrier to helical inversion.
[image: Figure 1]FIGURE 1 | (A) Shionoya’s trinuclear P/M-[Ag3(1/2)2]3+ helicates capable of undergoing stereochemical inversion via an achiral intermediate. (B) Raymond’s [Ga2(3)3] helicate able to undergo helical inversion via a Bailar twist mechanism; SCXRD structures of [Al2(4)3⋑H2O] helicate and [Ga2(4)3] mesocate. (C) Wu’s triply-stranded [Fe2(5)3⋑X−]6+ assemblies with encapsulated anion-dependent formation of helicate (X− = Br−) or mesocate (X− = BF4−) structures. (D) Nitschke’s [Fe4(6)6]8+ tetrahedra, with encapsulation of a PF6− anion favouring the T-symmetric assembly, whilst the empty cage preferentially crystallised as the S4 structure with ∆ (cyan) and Λ (magenta) Fe(II) centers.
Raymond and co-workers investigated the stereochemical inversion of triply-stranded dinuclear helicates assembled from bis-catecholate ligands (3) and Ga(III) ions (Figure 1B) (Kerstin et al., 1996). From a comprehensive NMR study the authors were able to ascertain that the isomers were interconverting through an intramolecular helical inversion process (ΔΔ⇋ΛΛ), with independent chiral inversion occurring at each metal centre through a non-dissociative Bailar twist mechanism, via a mesocate intermediate. Subsequent work with related [M2(4)3] [M = Al(III) or Ga(III)] assemblies (Figue 1B) demonstrated an ability to controllably switch between the chiral helicate (M···M 7.13 Å) and larger, achiral mesocate (M···M 9.74 Å) using host-guest interactions (Xu et al., 1999). Despite crystallising as the mesocate, [Ga2(4)3] existed in solution as an equilibrium between the helicate and mesocate forms. The helicate was shown to be stabilised by an encapsulated solvent molecule (water or DMSO); increasing the water concentration served to shift the equilibrium further towards the helicate.
More recently Wu and co-workers (Cui et al., 2012) observed a similar change in the structure of a triply-stranded, dinuclear structure, assembled from bis-bidentate ligand 5 and Fe(II), with different anions bound in its cavity (Figure 1C). With Br− or NO3− encapsulated a helicate assembly was formed. In contrast, the tetrahedral anions BF4−, ClO4−, and SO42− resulted in mesocates, with the helicates being significantly longer (Fe···Fe ∼11.7 Å vs ∼10.6 Å). This switch between helicate and mesocate was reasoned to arise from conformational changes of the ligand in order to maximize favourable interactions with the encapsulated anion. In the case of the mesocate the ligands adopt a C-shaped conformation, whilst an S-conformer led to the helicate assembly.
A related concept has been studied by Nitschke and co-workers, wherein the relative stereochemistry of octahedral metal centres within a tetrahedral MOC could be affected by encapsulation of different anions, impacting the overall symmetry of the assembly (Clegg et al., 2013). Subcomponent self-assembly of 4,4′-diaminobiphenyl, 2-formylpyridine and Fe(II) with large triflimide counteranions resulted in a tetrahedral cage structure, [Fe4(6)6]8+ (Figure 1D). In the solid state, SCXRD data demonstrated that the cage possessed two metal centres of one stereochemistry and two of the opposite (i.e., ΔΔΛΛ), giving the tetrahedron an overall S4 symmetry [with two ligands adopting an S-shaped conformation (φ ≈ 180°), the remaining four a C-shape ( φ ≈ 0°)]. In solution, however, a mixture of S4-, T-, and C3-symmetric assemblies were observed in an approximately 5:3:2 ratio at equilibrium. Smaller anions were capable of binding within the cavity of the cage, and altering the equilibrium position of this diasteroeomeric mixture, with ClO4− and PF6− shifting the equilibrium in favor of the T-symmetric isomer (ΔΔΔΔ/ΛΛΛΛ; all ligands S-conformation). Remarkably NO3−, BF4−, Cl−, Br−, and I− encapsulation all resulted in quantitative conversion to the T diasteroisomer, as determined by solution-phase NMR analysis. In addition, SCXRD data demonstrated that the MOC framework was able to conformationally adapt to encapsulate the various anions; the cavity volume was found to expand from 69 Å3 with BF4− to 87 Å3 with PF6−.
In these studies solution phase data were able to demonstrate structural changes in the MOCs arising from alterations to the assembly’s symmetry. More subtle changes from, e.g., flexing and conformational adjustment of ligands, are not so readily detected in this manner. SCXRD, however, provides more precise structural information and was used effectively in combination with the solution-phase data in the previous examples to add quantitative spatial information. It is important to note that the solid-state data merely provides a snap-shot image of the assemblies, which can be affected by various packing interactions. Multiple sets of SCXRD data, however, can show differences in structural parameters, allowing inference of the extent of MOC flexibility.
SOLID-STATE SCXRD EVIDENCE FOR STRUCTURAL FLEXIBILITY
Arguably one of the most studied MOCs in the literature is the hexanuclear octahedron ([Pd6(en)6(7)4]12+; Figure 2A) originally reported by the Fujita group (Fujita et al., 1995). For this assembly multiple sets of SCXRD data are available with different guests encapsulated within the host, allowing quantitative comparison of structural parameters in the solid state (Tashira et al., 2005; Nishioka et al., 2007; Kohyama et al., 2014; Takezawa et al., 2014; Cullen et al., 2019; Takezawa et al., 2020). These demonstrate that the M···M distance varies by less than 1% across numerous solid-state structures. Clearly, in this instance, significant distortion of the cage structure through host-guest interactions and crystal packing effects is not in evidence. For other MOCs, however, such effects have been observed.
[image: Figure 2]FIGURE 2 | (A) Fujita’s octahedral cage, [Pd6(en)6(7)4]12+, and trigonal prismatic assembly [Pd6(en)6(8)3(7)2]12+ shown from the side and above. (B) Ditopic ligands 9, 10 and 11 used in the assembly of Pd2L4 cages. SCXRD structures of [Pd2(9)4]4+ and [Pd2(11)4⋑(C14H10)2]4+. (C) Puddephatt’s ditopic ligand 12 with three possible conformations accessed through rotation about the amide bonds; SCXRD structures of [Pd2(12)4]4+ with 12 exhibiting two different ligand conformations. (D) Gan’s [Pd2(13)4⋑(B12F122-)]2+ cage viewed from the side (left) and above (right). (E) McMorran and Steel’s [Pd2(14)4]4+ helicates with PF6−(left) and I−(right) anions bound. (F) Ribas’ porphyrin-based cage, [Pd8(15)4(Zn16)2]8+, with encapsulated C60 guest.
The heteroleptic trigonal prismatic cage [Pd6(en)6(7)2(8)3]12+ (Figure 2A), also reported by Fujita and co-workers (Yoshizawa et al., 2005a), was assembled from 7 and 2,2′-6,6′-tetramethyl-4,4′-bipyridine (8) with cis-PdII(en) metal nodes (Figure 1A). Due to the manner in which the ligands are arranged in this assembly, 7 and 8 are orthogonal in the most symmetric form. In this conformer the two 7 ligands would eclipse one another and the torsion angle between them would be 0°. As this angle increases, the 7 ligands will become more offset, and the angle between 7 and 8 will diverge from orthogonality. With extensive investigation of this cage’s host-guest properties having been undertaken, it was possible to examine multiple SCXRD structures of the assembly to analyse changes in structural parameters. From this it was seen that the average torsion angle varied between ∼19 and ∼39°, and the distance between triazines ranged from 9.9–10.6 Å (Yoshizawa et al., 2005a; Yoshizawa et al., 2005b; Ono et al., 2007; Ono et al., 2009; Yamauchi et al., 2010; Schmidt et al., 2016).
Torsional twisting of trigonal prismatic cages, leading to a dramatic change in cavity size, has been reported by others. Severin and co-workers prepared a hexanuclear cage from ligand 7 and diruthenium(II) clips. Upon binding two molecules of coronene in the cavity the torsion angle between the two 7 ligands decreased from ∼75–∼3°, increasing the distance between them from 3.4–11.1 Å, thereby expanding the cavity size from effectively zero to > 500 Å3 (Mirtschin et al., 2010). Likewise, Han and Jin have reported a trigonal prism assembled from 7 and diiridium(III) clips that collapsed (7···7 distance reduced from 6.9–3.3 Å) through increased torsion between the 7 ligands (∼16–∼30°) upon removal of a coronene guest molecule (Han and Jin, 2011).
Ditopic banana-shaped ligands (Han et al., 2014) are commonly combined with Pd(II) ions to form dinuclear, lantern-shaped architectures. These are often designed with the ligand framework fully conjugated; however, rotation about certain bonds is still feasible, potentially introducing some dynamic character to the resultant assemblies. In 2010 Hooley and co-workers reported the cage [Pd2(9)4]4+ (Figure 2B) and its SCXRD structure with an encapsulated OTf− anion (Liao et al., 2010). More recently, Lusby and co-workers have examined this cage for its catalytic potential (Spicer et al., 2020) and were able to obtain SCXRD data of the PF6− salt with pentacenedione bound in the cavity (August et al., 2016). Although relatively minor, there was a difference of 0.36 Å in the Pd···Pd distance between the cage SCXRD structures (11.85 and 12.21 Å), and the torsion angle between the core phenyl and terminal pyridyl rings were greater for the longer cage (12.5° on average compared to 5.1°).
The related [Pd2(10)4]4+ architecture, in which the central phenyl unit of the ligand is replaced with a pyridine, has been reported by Crowley and co-workers. They were able to obtain SCXRD structures of various salts of the cage (Lewis and Crowley, 2014), as well as a host-guest adduct with two cisplatin molecules (Lewis et al., 2012). Again, some variation in the Pd···Pd distance was observed (11.5–12.2 Å) with torsion angles between the core and coordinating pyridine rings ranging from 2.5–19.0°.
In a similar Pd2L4 system (Figure 2B) reported by Yoshizawa and co-workers (Kishi et al., 2011), with anthracene units linking the core phenyl ring and coordinating pyridines instead of alkynes (ligand 11), even more dramatic differences were observed with various host-guest adducts. For instance, in the 1:1 adduct formed between the cage and [2.2]-paracyclophane the Pd···Pd distance was found to be 13.8 Å. In contrast, with two molecules of corranulene encapsulated this was found to shrink to 12.4 Å, a reduction of 10% (Kishi et al., 2013).
Puddephatt and co-workers prepared ligand 12 with 3-pyridyl units attached to a meta-phenyl core through amide bonds. Rotation about these amide bonds ostensibly permitted three conformations of the ligand (Figure 2C). When combined with Pd(II) ions the expected [Pd2(12)4]4+ assembly was obtained, wherein adoption of different ligand conformations could alter the character of the cavity depending on whether the amide carbonyl or N-H units were directed internally. SCXRD structures of the cage (Figure 2C) with both F3CSO3− and F3CCO2− anions were obtained. In the case of the former both N-H units of each ligand were directed endohedrally, allowing the formation of hydrogen-bonds to partially encapsulated F3CSO3− anions. Conversely the F3CCO2− salt resulted in adoption of ligand conformations with one carbonyl directed exohedrally, the other endohedrally acting as a hydrogen-bond acceptor to encapsulated water molecules. This change from a higher to lower symmetry assembly was coincident with a lengthening of the Pd···Pd distance from 9.5–11.2 Å (Yue et al., 2003). Despite its lower symmetry in the solid state, the observation of a single set of signals for the pyridyl units by NMR demonstrated rapid conformational interconversion on the NMR timescale (Yue et al., 2004).
Likewise, Gan and co-workers were able to observe significant changes in structural parameters in a similarly designed system (Lin et al., 2018). [Pd2(13)4]4+ (Figure 2D) was assembled from ligand 13 and an appropriate Pd(II) source. SCXRD structures for this architecture were obtained with BF4−, NO3− (two polymorphs were reported), and B12F122− anions encapsulated within the internal cavity, with changes in the ligand conformation demonstrated through significant variation in the Pd···Pd distance (12.1–13.4 Å).
Unsurprisingly the introduction of saturated units within the ligand framework offers the potential for greater degrees of flexibility within assemblies. In 1998 McMorran and Steel reported the first example of a dipalladium(II) helical cage assembled from a ditopic ligand, namely 1,4-bis(3-pyridyloxy)benzene (14) (McMorran and Steel, 1998). In contrast to the previous examples, the ether linkage between the core and coordinating units engendered the ligands with more significant degrees of freedom. This work was recently extended to include a thorough examination of the anion-binding properties of this cage, including an extensive study in the solid state from SCXRD data (Steel and McMorran, 2019). This revealed a significant 16% reduction in the Pd···Pd distance upon exchanging a bound PF6− anion (8.84 Å) for an I− guest (7.44 Å) (Figure 2E), the result of a drastic change in the Pd-N···N-Pd torsion angle (average 41.5° for PF6− and 80.9° for I−). The associated reduced helical pitch (77–37 Å) reduced the effective cavity size from 92–41 Å3.
MOLECULAR DYNAMICS SIMULATIONS OF METAL-ORGANIC CAGE FLEXIBILITY
Computational modelling of supramolecular systems has become cheaper and more readily available in recent years, allowing combinations of experimental and theoretical data to be used to gain in-depth understanding of these artificial mimics of biological assemblies (Frederix et al., 2018). Given the previously mentioned constraints placed on information related to conformation dynamics that can be gleaned from solution and solid-state data, computational analysis offers a potential route to quantitatively examine flexibility of metal-organic assemblies. Perhaps most interestingly these techniques could be effectively used to aid in the design of such systems for specific applications (Young et al., 2020a).
Recently Lusby, Duarte and co-workers utilised molecular dynamics (MD) simulations to explore the conformational flexibility of the two dipalladium(II) cages assembled from 9 and 10 to explain observations related to their catalytic activity (Young et al., 2020b). In these simulations the Pd···Pd distance in the cages was found to vary between 11.3 and 12.9 Å for ligand 9, and 10.9 and 12.5 Å for ligand 10, with the torsion angle between the core ring and terminal pyridines ranging from 0–60°. Interestingly, for the [Pd2(10)4]4+ cage, conformations with significant twisting of the ligands were found to be of similar energy to the highly symmetric structure (conformer with Φ = 41° was only 2.6 kcal mol−1 higher in energy than the symmetric Φ = 0° conformer).
Ribas and co-workers reported the synthesis of a nanocage assembled from four dinuclear macrocycle Pd(II) complexes ([Pd2(15)]4+) and two tetracarboxylate Zn(II)-porphyrins ([Zn(H416)]) (García-Simón et al., 2014). These cages were observed to bind fullerene guests, and the SCXRD structures of the “empty” cage and C60 and C70 adducts were obtained (Figure 2F). For the empty cage the distance between Zn(II) ions was 14.1 Å, with a contraction seen for the C70 (13.8 Å) and C60 (13.1 Å) host-guest adducts. This was concomitant with a small decrease in the Pd···Pd distance within the macrocycles from 11.25–11.17 Å. Subsequent molecular dynamics simulations (2.5 μs) showed flexing of the cage to give Zn···Zn distances ranging between 11.3 and 15.8 Å. Binding of fullerene guests induced a compression of this distance, consistent with the SCXRD structures. To enable fullerene guests to enter the cage cavity a transient expansion of both the portal size, from ∼50 Å2 up to ∼90 Å2, and the Zn···Zn distance (∼15 Å) was observed, demonstrating a significant dynamic range for this host assembly (García-Simón et al., 2020).
METAL-ORGANIC ASSEMBLIES DERIVED FROM LIGANDS WITH LARGE AMPLITUDE CONFORMATIONAL FLEXIBILITY
The previous sections have sought to demonstrate that even MOCs assembled from what would normally be considered rigid ligands–including those with fully conjugated systems–can display a reasonable amount of flexibility. There is a paucity of examples in the literature, however, of purposeful introduction of units that display large-amplitude conformational freedom into metal-organic systems. A key facet of metallo-supramolecular self-assembly is predicting products of self-assembly based on constituent metal ion geometry and ligand conformation. The importance of ligand conformation has been amply demonstrated by the work of the Fujita group on PdnL2n cages assembled from ditopic ligands, in which the ligand angle determines the thermodynamically favoured value of n (Harris et al., 2013). When multiple ligand conformers are accessible, predicting/controlling self-assembly outcomes becomes more difficult. Adaptability, however, is a hallmark of natural self-assembled systems, and could offer an increased level of stimuli-responsiveness if incorporated into artificial systems seeking to mimic Nature’s success.
Ferrocene, first synthesised 70 years ago (Kealy and Pauson, 1951), is the most well-known of the organometallic sandwich complexes. The ability of the two cyclopentadiene ligands to rotate relative to each other has led to significant interest in ferrocene’s use as a “ball-bearing” component in molecular machines (Scottwell and Crowley, 2016). The ability of the ligands to undergo a full 360° rotation means that the dihedral angle between substituents of 1,1′-disubstituted ferrocenes can vary from 0 (syn)–180° (anti) (Figure 3A).
[image: Figure 3]FIGURE 3 | (A) The cyclopentadiene rings of ferrocene are able to undergo 360° rotation. The two extremes of conformation are the anti (Θ = 180°) and syn (Θ = 0°) conformers. (B) In the dinuclear metallacycle [Ag2(17)2]2+ ligand 17 is observed to adopt a syn conformation; in the quadruple-stranded [Pd2(17)4]4+ cage the anti conformer is observed. (C) Crowley’s trigonal prismatic [Pd3(18)6]6+ assembly with ligands in syn arrangements (Θ = 25–42°). (D) A dinuclear metallacycle, [Ag2(syn-18)2]2+ reported by Crowley. (E) Nitschke’s twisted parallelogram assembly, with ligand 21 in both syn and anti conformations. (F) Non-covalent interactions affect favoured ligand conformations: self-assembly with Pd(II) led to a Pd12L24 cuboctahedron with 22 (via a kinetic Pd6L12 cube; calculated structures shown), whilst ligand 23 gives the mononuclear [Pd(23)2]2+ complex. Adapted with permission from Liu et al. (2020). Copyright © 2020 Wiley-VCH GmbH. (G) Yoshizawa’s atropisomeric ditopic ligand that formed [Pd2(24)4]4+ assemblies; guest encapsulation biased the distribution of cage atropisomers. (H) Severin’s alkyl-linked metallo-ligand that formed the large (Pd···Pd ∼ 3 nm) [Pd2(25)4]4+ cage. (I) Alkyl-linked ligand 26 formed Pd2L4 cages capable of anion-encapsulation. (J) Jung’s trinuclear, double-cavity cage bound anions in each cavity, which adapt their shape to best match the encapsulated guest.
In 2003 Lindner and co-workers reported the self-assembly of 1,1′-bis(pyridin-3-ylethynyl)ferrocene (17) with Ag(I) and trans-Pd(II)Cl2 metal nodes (Lindner et al., 2003). In both instances dinuclear metallacycles were obtained (Figure 3B), with the ligands adopting a stacked conformation (Θ = 7°). Crowley and co-workers subsequently examined the self-assembly of this ligand with Pd(II) ions (Vasdev et al., 2019), observing formation of [Pd2L4]4+ cages (Figure 3B) with the ligands in anti conformations (Θ = 105–134°). SCXRD structures of the cage revealed that the Pd···Pd distance was affected by changes in the dihedral angle between the pyridyl arms (13.1 Å for one crystallographically independent molecule of [Pd2(17)4⋑(BF4−)2]2+ and Θave = 109°; 13.4 Å for [Pd2(17)4⋑(SbF6−)]3+ and Θave = 126°), demonstrating an ability for the cage to adapt its shape based on the ligand conformation.
Self-assembly of the isomeric 1,1′-bis(pyridin-4-ylethynyl)ferrocene ligand (18) with Pd(II) ions resulted in formation of a trigonal prismatic structure (Vasdev et al., 2021). SCXRD data of the BF4− salt revealed an eclipsed conformation adopted by the ferrocene units (Figure 3C), with a small variation in the dihedral angle between independent ligands (25–42°).
The self-assembly of twin-armed ferrocene ligands with bidentate coordinating groups has also been investigated. The formation and solid-state structures of dinuclear metallacycles (Figure 3D) assembled from bis(2-pyridyl-1,2,3-triazole) ligand 19 were reported by Crowley and co-workers (Findlay et al., 2018). For both the Ag(I) and Pd(II) metallacycles the ligands were eclipsed, with a slight difference in the dihedral angles observed between the two assemblies (0.9 and 16.2°, respectively). Nitschke and co-workers synthesised isostructural [Fe(II)4L6]8+ twisted parallelogram assemblies from imine and azo ligands 20/21 (Plajer et al., 2020). The SCXRD structure of one of these intriguing architectures (Figure 3E) revealed the co-existence of both syn (55–67°) and anti (118–121°) ligand conformations, demonstrating the ability of chemically identical ligands to occupy inequivalent environments through accessing different conformers. Attempts to oxidise the ferrocene units led to dis-assembly of the parallelogram, and formation of mononuclear [Fe(II)L]3+ complexes.
Singleton and co-workers synthesised dipyridyl ligands 22 and 23 (Figure 3F) capable of bond rotation about the amide units (Liu et al., 2020). For 22 the range of favourable conformations was restricted by intramolecular hydrogen bonds between the amide proton and diazaanthracene core. Initially self-assembly of this ligand with Pd(II) resulted in an M6L12 cube, with an average angle of 97° between the coordinating pyridyl groups in the calculated structure. This species was, however, revealed to be a kinetically trapped intermediate; prolonged heating of the sample led to rearrangement to form a larger M12L24 cuboctahedron, with the calculated average ligand angle increasing to 120°. In contrast, ligand 23, with methylated amide units preventing hydrogen bonds across the ligand framework, yielded a simple mononuclear ML2 complex (Figure 3F) as a result of increased conformational flexibility.
Recently Yoshizawa and co-workers investigated the dynamics of a Pd2L4 cage assembled from ditopic ligands with 1,4-naphthylene linkers (24) (Tsutsui et al., 2020). Hindered rotation of these units resulted in atropisomeric forms of the ligand. Although this did not inherently affect the relative orientations of the coordinating pyridyl groups, it did lead to an interconverting mixture of 42 virtually isoenergetic cage isomers. Guest encapsulation was found to bias the mixture towards individual isomers, with C60 inducing quantitative conversion to the all-syn assembly, as shown by SCXRD (Figure 3G). As such, the cage was able to undergo subtle structural modification in response to guest molecules in order to provide a favourable fit.
Alkyl spacers are inherently flexible and are therefore not usually used in MOC ligand design. Their conformational freedom, however, could allow for large amplitude adaptability through interactions with guest molecules. Severin and co-workers successfully synthesised Pd2L4 cages (Figure 3H) up to 3 nm in length using ditopic metallo-ligands with akyl spacer units (25), demonstrating the potential for the controlled incorporation of highly flexible alkyl units into metallo-assemblies (Jansze et al., 2016). Jung, Lee and co-workers obtained SCXRD structures for [Pd2L4⋑(X−)]3+ cages (Figure 3I), assembled from a dipyridyl ligand with a flexible disilylethane core (26), with a range of encapsulated anions (Lee et al., 2020). The flexibility of the alkyl linker enabled expansion of the capsule to suit the encapsulated anion (Pd···Pd = 8.49 and 9.58 Å for X− = BF4− and SiF6−, respectively). This concept was exploited in the double-cavity [Pd3(27)4⋑(X−)2]4+ architecture, with both homo and hetero-anion adducts formed (Sarada et al., 2020). In this instance each cavity was able to independently adopt an extended or crumpled shape, dependent on the anion encapsulated (Figure 3J).
An alternative method to introduce flexible, saturated units into MOCs is to use the Weak-Link Approach (WLA), developed by the Mirkin group (Giannesci et al., 2005). In this methodology kinetically stable metal-organic architectures assembled from flexible ligands are formed via ligand exchange from a rigid, thermodynamically-favourable precursor species. This enables access to flexible structures that may not be thermodynamic products and cannot be directly accessed from a combination of ligand and metal nodes. This was first demonstrated with ligand 28 which formed the metallacycle [Rh2(28)2]2+, with chelation to the metal centres between the phosphine and ether oxygen (Farrell et al., 1998). The hemilabile oxygen donors could be displaced through addition of competing ligands, such as CO, giving the expanded structure [Rh2(CO)6(28)2]2+ (Figure 4A). The Weak-Link Approach has since been shown to be suitable for the preparation of flexible MOCs (Ovchinnikov et al., 2002). The condensed cage [M3(29)2]3+ [M = Rh(I) or Ir(I)] could be opened through addition of CO and Cl− ligands, leading to the expanded structure, [M3(CO)3Cl3(29)2] (Figure 4B).
[image: Figure 4]FIGURE 4 | (A) Mirkin’s Weak-Link Approach in which a rigid metallacycle precursor, [Rh2(28)2]2+, is first formed under thermodynamic control. Subsequent displacement of the ether oxygen donors gave the flexible metallacycle [Rh2(CO)6(28)2]2+, with ligand 28 coordinated in a bis-monodentate fashion. (B) This principle has been applied to MOCs, with flexible cage [M3(CO)3Cl3(29)2] accessed via thermodynamic intermediate [M3(29)2]3+ [M = Rh(I) or Ir(I)]. (C) Lewis’ [2]rotaxane ligand, 30, that self-assembled with Pd(II) ions to form a Pd2L4 cage (molecular model) with dynamic interlocked macrocycle components (shown in blue).
Mechanically interlocked molecules have been widely investigated for their use as molecular machines due to the high degree of co-conformational freedom between their components afforded by the lack of covalent bonds (Heard and Goldup, 2020). Consequently there has been considerable interest in the development of mechanically interlocked ligands (Lewis et al., 2017) and the use of metal ions/nodes to periodically arrange them (Hoyas Pérez and Lewis, 2020; Wilson and Loeb, 2020). Lewis and co-workers recently reported the synthesis of [2]rotaxane ligand 30 (Figure 4C), wherein one of the stopper units preventing escape of the macrocycle component was based on dipyridyl ligand 9 (Wong et al., 2020). Self-assembly with Pd(II) ions led to the quadruple-stranded cage [Pd2(30)4]4+. NMR analysis of this structure revealed a single set of signals for the macrocycle, indicating rapid pirouetting on the NMR timescale. As such the large degree of co-conformational freedom inherent to rotaxane 30 was maintained in the metal-organic assembly, demonstrating the potential for mechanical bonds to be employed as flexible components within MOCs.
CONCLUSION AND FUTURE OUTLOOKS
The complexity of MOCs that are routinely reported has increased dramatically since preliminary studies in the field over thirty years ago (Pullen et al., 2021). Heteroleptic (Bloch and Clever, 2017), mixed-metal (Li et al., 2015) and low symmetry (Lewis and Crowley, 2020) assemblies towards the development of more sophisticated host systems are becoming more commonplace. Coincident with this, easier access to and improvements within SCXRD and the advancement of computational power for theoretical investigations allow researchers to gain rapid and in-depth analysis of these systems. This has led to some remarkable applications for MOCs, particularly in the area of catalysis. Appreciation of the structural flexibility these systems are capable of, however, is largely overlooked, despite the parallels that are often drawn between MOCs and enzymes. Herein we have taken a brief look at some of the solution-phase, solid-state and computational data available to highlight how significant variations in the structural parameters of MOCs can be. If this flexibility could be harnessed it could open up the doors for developing more sophisticated artificial systems to mimic biological machinery. Steps towards this lofty goal have already been undertaken, with a handful of examples reported of MOCs derived from ligands containing moieties with significant conformational freedom. With continuing investigations into flexible metal-organic assemblies, elucidation of methodologies for their controlled self-assembly and manipulation will lead to increasingly sophisticated systems capable of displaying adaptive behaviour and allow their use in new and exciting applications.
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Herein, a self-assembled colorimetric chemosensor array composed of off-the-shelf catechol dyes and a metal ion (i.e., Zn2+) has been used for the sulfur-containing amino acids (SCAAs; i.e., glutathione, glutathione disulfide, L–cysteine, DL–homocysteine, and L–cystine). The coordination binding–based chemosensor array (CBSA) fabricated by a competitive assay among SCAAs, Zn2+ ions, and catechol dyes [i.e., pyrocatechol violet (PV), bromopyrogallol red (BPR), pyrogallol red (PR), and alizarin red S (ARS)] yielded fingerprint-like colorimetric changes. We succeeded in the qualification of SCAAs based on pattern recognition [i.e., a linear discrimination analysis (LDA)] with 100% correct classification accuracy. The semiquantification of reduced/oxidized forms of SCAAs was also performed based on LDA. Furthermore, we carried out a spike test of glutathione in food samples using the proposed chemosensor array with regression analysis. It is worth mentioning that we achieved a 91–110% recovery rate in real sample tests, which confirmed the accuracy of the constructed model. Thus, this study represents a step forward in assessing food freshness based on supramolecular analytical methods.
Keywords: glutathione, cysteine, chemosensor array, food analysis, regression analysis, colorimetric sensing
INTRODUCTION
To date, there is an increasing demand from consumers to evaluate the safety of food products. Freshness is the main standard for food quality assessment, including the physical form (Luo et al., 2021), the number of microorganisms (Jacxsens et al., 2003), and biochemical components (Lonchamp et al., 2009). Among the common biochemical components, sulfur-containing amino acids (SCAAs) including L–cysteine (Cys) (Cebi et al., 2017; Garcia et al., 2015), L–cystine (CySS) (Chen and Li, 2019), DL–homocysteine (HCys) (Hoey et al., 2007), glutathione reduced form (GSH) (Xu et al., 2015), and glutathione oxidized form (GSSG) (Moreira et al., 2011) have been used as analyte markers in food samples, including wine (Valero et al., 2003), wheat flour (Reinbold et al., 2008), and fruit juice (Fracassetti et al., 2011), to evaluate food quality. The reduced form of SCAAs acts as antioxidants in food (Nikolantonaki et al., 2018), which is oxidized by air over time. Thus, by quantifying the reduced form and the oxidized form of SCAAs, the freshness of food samples can be assessed.
SCAAs are currently quantified by instrumental methods (i.e., high-performance liquid chromatography (HPLC) (Zhu et al., 2020) and mass spectrometry (MS) (Kuster et al., 2008), or enzyme-linked immunosorbent assay (ELISA) (Kurose et al., 1997) because of their high reliability and accuracy. However, the requirement of expensive instruments, complex sensing procedures, and trained personnel limits their application for rapid and straightforward analysis. To simplify the sensing procedures, chemosensors have become a promising option, which can exhibit optical property changes based on molecular recognition (Hyman and Franz, 2012; Lee et al., 2015; Wu et al., 2015; Yan et al., 2017; Khorasani et al., 2019; Roy, 2021). In this regard, several optical chemosensors have been developed for natural amino acids (Buryak and Severin, 2005; Ma et al., 2013; Yin et al., 2013; Sener et al., 2014; Ghasemi et al., 2015; Meng et al., 2015; Chao and Zhang, 2017; Gholami et al., 2019; Liu et al., 2019; Xu et al., 2020). However, these chemosensors require complicated synthetic processes (Yang et al., 2011; Song et al., 2016; Yang et al., 2018), which limit their practical usage in real-world scenarios. Chemosensor arrays by supramolecular interactions with pattern recognition can avoid the synthetic processes and simultaneously quantify multiple analytes (Cao et al., 2020; Sasaki et al., 2021a; Sasaki et al., 2021b; Lyu et al., 2021). To the best of our knowledge, the development of a colorimetric sensor array using only a combination of off-the-shelf reagents for simultaneous SCAA detection has not yet been reported.
Herein, we report a simple, rapid, and accurate coordination binding–based chemosensor array (CBSA) for the high-throughput colorimetric detection of SCAAs (GSH, GSSG, Cys, hCys, and CySS). Four catechol dyes [i.e., pyrocatechol violet (PV), bromopyrogallol red (BPR), pyrogallol red (PR), and alizarin red S (ARS)] were employed as colorimetric indicators (Sasaki et al., 2019), and Zn2+ ions were used as the color and binding manipulator (Kaushik et al., 2015). The catechol dyes produce the dye–Zn2+ coordination complex upon the addition of Zn2+ ions, which exhibit colorimetric changes (Hamedpour et al., 2019). Subsequently, colorimetric changes can be observed by the addition of SCAAs because of the generation of coordination complexes of Zn2+ and SCAAs, which dissociate the dye–Zn2+ complex with a colorimetric recovery (Figure 1). The use of commercially available reagents avoids complex synthesis, which is a major advantage for the simple establishment of a sensor array (Sasaki et al., 2021c). In this study, various cross-reactive colorimetric responses demonstrated by the CBSA were analyzed using chemometric methods, including a linear discrimination analysis (LDA) (Anzenbacher et al., 2010) and regression analysis (SVM) (Hamel, 2009; Minami et al., 2012). The LDA is a mathematical method used in statistics to establish a linear combination to characterize two or more groups of objects, which could be used for qualitative and semiquantitative analyses of the targets. The SVM is a supervised learning model for data classification and regression analysis. To predict the unknown concentrations of the target samples, we established the SVM model with the calibration dataset using standard solutions. Notably, we quantified the pseudo-oxidation processes of SCAAs in aqueous media and predicted the GSH concentration in tomato and grapefruit juice (Minich and Brown, 2019). These results indicate that our simple preparation and user-friendly sensing system could achieve high-throughput analysis for SCAAs, which would be a step forward for assessing food freshness based on supramolecular analytical methods.
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of the SCAA oxidation (e.g., glutathione). (B) Chemical structure of catechol dyes (PV, BPR, PR, and ARS). (C) Illustrated detection mechanism of SCAAs.
MATERIALS AND METHODS
Materials
SCAAs (Cys, CySS, GSH, and HCys), 1,4-benzoquinone (pBQ), 3-mercaptopropionic acid (3-MPA), PR, BPR, PV, and other amino acids [L–alanine (Ala), L–arginine (Arg), L–aspartic acid (Asp), L–glutamine (Gln), L–glutamic acid (Gln), glycine (Gly), L–histidine (His), L–isoleucine (Ile), L–leucine (Leu), L–lysine (Lys), L–methionine (Met), L–phenylalanine (Phe), L–proline (Pro), L–serine (Ser), L–threonine (Thr), L–tryptophan (Trp), L–tyrosine (Tyr), and L–valine (Val)] were purchased from Tokyo Chemical Industries Co. Inc. (Tokyo, Japan). Additionally, ARS, sodium chloride, methanol, and zinc nitrate hexahydrate were purchased from FUJIFILM Wako Pure Chemical Co. Inc. (Osaka, Japan). N-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) was purchased from Dojindo Laboratories (Kumamoto, Japan). All chemicals were used without further purification. All aqueous samples were prepared with Milli-Q water (18.2 MΩcm) (Millipore, Bedford, MA, United States).
Measurements
The UV-Vis spectra were measured within the wavelength range of 350–800 nm at a scan rate of 240 nm/min using a Shimadzu UV-2600 UV-Vis spectrophotometer. The dye (40 μM) was mixed with Zn2+ solutions at various concentrations and incubated at room temperature (25°C) for 10–60 min (i.e., ARS, BPR, and PR for 60 min, and PV for 10 min) in HEPES buffer (50 mM) with 10 mM NaCl at pH 7.4. Titration isotherms were prepared from the variations with maximum absorption at 615 nm for PV, 557 nm for BPR, 543 nm for PR, and 515 nm for ARS, respectively.
Qualitative and quantitative analyses were carried out by array experiments in 384-well microplates using a microplate reader (SYNERGY H1, Biotek, Winooski, United States). For the array experiments, the dye–Zn2+ complex solution (90 μL) was first added to each well. Subsequently, the analyte and buffer solutions (10 μL) were mixed with the sensor solution. The microplate was then shaken for 3 min for incubation. Furthermore, a spike test using food samples was performed to evaluate the accuracy of the chemosensor array for real-world applications. A commercial tomato juice (Ito En tomato juice) was centrifuged at 14,000 rpm for 30 min to remove any insoluble matter. The supernatant fluid was diluted 40-fold and applied to a 384-well microplate without any further treatment. A series of standard GSH samples was calibrated with a concentration of 0–2 mM.
LDA was applied for qualitative analysis based on the raw dataset without any further treatment using SYSTAT 13. Moreover, a semiquantitative assay of the mixture of GSH/GSSG and Cys/CySS was also carried out using LDA. Student’s t-test was used to eliminate outlier data points. The quantitative analyses and real sample tests were conducted by a regression analysis based on a supporting vector machine (SVM) with Solo 7.5.2. Two parameters [root-mean-square errors for calibration (RMSEC) and prediction (RMSEP)] were applied to confirm the accuracy of the constructed models.
DISCUSSIONS
The complexation of catechol dyes and Zn2+ ions in a HEPES buffer (50 mM) with NaCl (10 mM) at pH 7.4 and at 25°C was evaluated according to a previous study (Hamedpour et al., 2019). To maintain the ionic strength, sodium chloride (10 mM) was added. Each dye complex showed specific colorimetric changes upon the addition of SCAAs (GSH, GSSG, Cys, and hCys) (see Supplementary Material). The spectral shift accompanying the color recovery was observed by the ascension of the concentration, indicating the decomposition of the Zn2–catechol dye complex. Because of the low solubility of CySS in the buffer solution, we could not apply UV-Vis titration for CySS in this study. Association constants (Kassoc) for the SCAAs with Zn2+ ions were calculated by titration isotherms according to a nonlinear regression fitting method (see supporting material) (Hargrove et al., 2010). The Kassoc for GSH were determined as follows: PV: (4.7 ± 0.3) × 103 M−1; BPR: (2.8 ± 0.8) × 104 M−1; PR: (1.5 ± 0.3) × 105 M−1; and ARS: (6.5 ± 0.6) × 105 M−1. In the case of GSSG, the Kassoc were calculated as (1.6 ± 0.1) × 104 M−1, (9.6 ± 1.8) × 103 M−1, (2.4 ± 0.6) × 104 M−1, and (9.2 ± 1.7) × 106 M−1 PV for, BPR, PR, and ARS, respectively. With the various binding affinities for the targets, our proposed chemosensor array could be applied for simultaneous qualitative and quantitative SCAA detection. Interestingly, the reduced/oxidized form of glutathione showed different isotherms toward the dye–Zn2+ complex (Figure 2), which indicates that we could monitor the oxidizing process of SCAAs based on colorimetric changes.
[image: Figure 2]FIGURE 2 | UV-Vis titration isotherm of (A) PR–Zn2+ and (B) BPR–Zn2+ to GSH and GSSG (0–2.0 mM) at 25°C. The concentrations of dye and Zn2+ were 40 μM.
Subsequently, we applied natural amino acids to our proposed chemosensor array for the selectivity test. Most of the natural amino acids [i.e., valine (Val), tyrosine (Tyr), tryptophan (Trp), threonine (Thr), serine (Ser), proline (Pro), phenylalanine (Phe), methionine (Met), lysine (Lys), leucine (Leu), isoleucine (Ile), glycine (Gly), glutamic acid (Glu), glutamine (Gln), aspartic acid (Asp), asparagine (Asn), arginine (Arg), and alanine (Ala)] showed slight or almost no response, whereas histidine (His) caused significant absorbance changes with the peak wavelength shifts. This response was due to the high association constant of Zn2+ ions and His compared to the aforementioned natural amino acids (Krężel and Maret, 2016). In addition, the selectivity test indicated that the sulfur group contributes to the sensing mechanism based on CBSA (see Supplementary Material) (Namuswe and Berg, 2012). Thus, we attempted to apply a high-throughput assay to the aforementioned five analytes (i.e., GSH, GSSG, hCys, Cys, and His). We selected LDA among the pattern recognition methods because it can reduce the dimensionality and evaluate classification accuracy based on a leave-one-out cross-validation protocol (i.e., the jackknife method). The classification of the six cluster groups (one control group and five analyte groups) achieved 100% accuracy (Supplementary Figure S24). Thus, we can conclude that the proposed chemosensor array can discriminate between similar structural amino acids and reduced/oxidized forms of SCAAs.
In addition, semiquantitative LDA was carried out using the proposed chemosensor array for the mixture of oxidized/reduced SCAAs (i.e., glutathione and cysteine). For example, GSH–GSSG was selected as the representative analyte pair at various concentration ratios (Figure 3). The dynamic concentration changing rate of GSH and GSSG was selected as 2:1 to mimic the natural oxidizing process of glutathione (Supplementary Table S5). It is worth mentioning that the semiquantitative LDA of the mixture of oxidized/reduced SCAAs achieved a 100% correct classification rate. Furthermore, quantitative analyses were employed without sample preprocessing to investigate their capability for practical applications. Quantitative analyses were performed in a mixture containing GSH–GSSG or Cys–CySS in different molar ratios. An SVM-based regression analysis was carried out to establish a rapid and accurate assay (Figure 4). The SVM process includes two steps: the first step for the calibration of the measured data set and the second step for feature prediction of the unknown samples. More importantly, the limits of detection (LoDs) based on the 3σ method (Miller and Miller, 2018) were calculated as follows: 2.4 ppm for Cys, 2.0 ppm for hCys, 0.4 ppm for GSH, and 2.6 ppm for GSSG. As aforementioned, the constructed SVM model demonstrated the prediction of unknown concentrations of SCAAs with high accuracy, which indicates our array system could be applied to real sample analyses.
[image: Figure 3]FIGURE 3 | Semiquantitative LDA result for dynamic molar ratios of GSH and GSSG. The measurements were performed with eighteen repetitions for each concentration group for 100% classification accuracy. The confidence ellipses indicate 95% confidence rate.
[image: Figure 4]FIGURE 4 | SVM regression analysis for quantitative analysis of the GSH and GSSG mixtures in various concentration ratios. The RMSEC and RMSEP values (shown as insets) represent the accuracy of the constructed model and the prediction.
Finally, we performed a spike test with GSH using concentrated tomato juice, grapefruit juice, and fresh tomato samples (Minich and Brown, 2019). Different concentrations of GSH were mixed with the diluted tomato juice and chemosensors, which were estimated by the previously calibrated SVM model (Figure 5). As shown in the Supplementary Table S6, the prediction of the GSH concentration in the real sample was successfully performed with a recovery rate of 91–110%. Moreover, the semiquantitative analysis offered 100% accurate classification of the fresh and oxidized tomato samples (Figure 6). The decrease in GSH concentration in the oxidized tomato sample was confirmed by HPLC–electrospray ionization MS (ESI-MS, see Supplementary Figures S32, S33). The LDA results indicated that the oxidized tomato sample demonstrated a closer distance to the low GSH concentration group, rather than the fresh sample (Figure 6). The result of the semiquantitative analysis and the spike test indicated that the chemosensor array combined with pattern recognition could be applied for quantifying unknown GSH concentrations, which suggests that the proposed method would become a rapid and promising method for the detection of SCAAs in food samples.
[image: Figure 5]FIGURE 5 | SVM regression for real sample analysis of GSH in a juice (Ito En tomato juice). The RMSEC and RMSEP values (shown as insets) represent the accuracy of the constructed model and the prediction.
[image: Figure 6]FIGURE 6 | Semiquantitative analysis for the fresh and oxidized tomato samples with the calibration of GSH (0–1.4 mM). The measurements were repeated twenty times, resulting in 100% accurate classification.
CONCLUSION
In summary, we proposed a self-assembled colorimetric chemosensor array system for the qualitative and quantitative detection of SCAAs. The proposed array system was fabricated by CBSA utilizing off-the-shelf reagents, which avoided complicated synthetic processes. The reversible coordination binding of dye–Zn2+ complexes offered significant color changes upon the addition of the analytes. The LDA results reflected a clear classification of six groups (i.e., control, non-SCAAs, and reduced/oxidized SCAAs) with 100% classification accuracy. Moreover, quantitative analyses with high accuracy were achieved by the SVM, which allowed for the prediction of reduced/oxidized SCAAs in the mixtures. Most importantly, the spike test of GSH was performed in juice samples with high recovery rates. This study would lead to the application of supramolecular chemosensors for food freshness monitoring in the general society.
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Inherently chiral, barrel-shaped, macrocyclic hosts such as cyclohexanohemicucurbit[n]urils (cycHC[n]) bind zinc porphyrins and trifluoroacetic acid externally in halogenated solvents. In the current study, we tested a set of eighteen organic guests with various functional groups and polarity, namely, thiophenols, phenols, and carboxylic and sulfonic acids, to identify a preference toward hydrogen bond–donating molecules for homologous cycHC[6] and cycHC[8]. Guests were characterized by Hirshfeld partial charges on acidic hydrogens and their binding by 1H and 19F NMR titrations. Evaluation of association constants revealed the complexity of the system and indirectly proved an external binding with stoichiometry over 2:1 for both homologs. It was found that overall binding strength is influenced by the stoichiometry of the formed complexes, the partial atomic charge on the hydrogen atom of the hydrogen bond donor, and the bulkiness of the guest. Additionally, a study on the formation of complexes with halogen anions (Cl− and Br−) in methanol and chloroform, analyzed by 1H NMR, did not confirm complexation. The current study widens the scope of potential applications for host molecules by demonstrating the formation of hydrogen-bonded complexes with multisite hydrogen bond acceptors such as cycHC[6] and cycHC[8].
Keywords: supramolecular chemistry, binding evaluation, hemicucurbit[n]uril, hydrogen bond, complex stoichiometry, NMR, partial charge, organic acid
INTRODUCTION
Cucurbiturils and hemicucurbiturils are a large family of urea-based macrocycles (Lagona et al., 2005; Assaf and Nau, 2014; Andersen et al., 2018) that went through a rapid expansion during the last three decades—from the research of reaction conditions for selective synthesis of cucurbiturils of a specific size (Kim et al., 2000; Day et al., 2001) to a variety of uses in supramolecular catalysis, material chemistry, drug delivery, chemical sensors, or ion transport, to name a few (Walker et al., 2011; Barrow et al., 2015; Ji et al., 2019; Davis et al., 2020; Tang et al., 2020). Hemicucurbiturils have monomeric units connected by one row of methylene bridges and are mainly known for their ability to bind anions strongly in various solvents, which can be utilized for anion recognition and transport (Kaabel and Aav, 2017; Andersen et al., 2018; Lizal and Sindelar, 2018; Reany et al., 2018). In Aav’s group, the first enantiomerically pure, inherently chiral member of the family—specifically cyclohexanohemicucurbit[6]uril (cycHC[6]) (Aav et al., 2013)—was prepared. Later, its larger homologs, cycHC[8] (Prigorchenko et al., 2015) and cycHC[12] (Mishra et al., 2020), were also made.
First studies of cycHC[6] evaluated the binding of various carboxylic acids in chloroform using the 1:1 binding model based on DOSY NMR and 13C NMR data (Aav et al., 2013). In this first study of cycHC[6]s and its binding, dependence on the size and shape of the guest was observed; therefore, the formation of inclusion complexes was proposed (Figure 1). The same approach was used to study complexes of cycHC[8], and the obtained association constants were analogous to results obtained for cycHC[6], which has a cavity volume that is roughly three times smaller (Prigorchenko et al., 2015). Such a result did not support the theory of inclusion complex formation as it should show a significant difference between cycHC[6] and cycHC[8] for the binding of the same guest. Hence, it was concluded that the complex formation depended on the acidity of the guest. Moreover, a computation and ion-mobility–mass spectrometry (IM-MS) study for cycHC[6] concluded that the macrocycle prefers to interact with the non-dissociated acids through their electron-poor hydrogen without forming an inclusion complex (Öeren et al., 2014). It should be noted that the study did confirm the formation of inclusion complexes with Cl–, Br–, and HCOO–, and these theoretical studies were validated with gas-phase IM-MS.
[image: Figure 1]FIGURE 1 | Depiction of previously described binding of various guests to cycHC[n] (left) and supramolecular interactions studied in this article (right).
CycHC[n] macrocycles were obtained from a template (anion)-driven synthesis in polar media; therefore, the binding of inorganic anions in methanol was described in detail for cycHC[8] (Kaabel et al., 2017). A discovered preference for encapsulation of large symmetrical anions (e.g., SbF6−, PF6− > BF4−, CF3SO3−, and AcO−) was later beneficial in the development of the solid-state synthesis of cycHC[n]s (Kaabel et al., 2019).
In 2019, it was demonstrated that cycHC[n] exhibits binding to zinc(II) porphyrins in chlorinated solvents via coordination with carbonyl oxygen on their outer surface (Ustrnul et al., 2019). At the same time, a study of inverted-cycHC[6] confirmed that strong organic acids are also bound from outside (Figure 1) with stoichiometry assumed to be 2:1 (acid:cycHC[6]) (Prigorchenko et al., 2019). These studies have shown the dependence of association constants on the geometry and size of the host. Notably, the significantly larger binding strength of guests with cycHC[6] (K1 = 102–103 M−1; K2 = 102 M−1) than the binding strength of the same guests with monomeric urea (N,N'-dimethylcyclohexadiylurea) (K1 = 101 M−1) was observed, which highlights the superiority of these multifunctional macrocycles compared to their monofunctional counterparts. The results on the binding of acids have motivated us to look deeper into and revise previous conclusions about binding and broaden the scope of guest molecules tested in chlorinated solvents.
Herein, we report several experiments increasing the knowledge about cycHC[n]-binding properties and bringing clarity on the binding of carboxylic acids in chlorinated solvents. A set of guests bearing electron-rich functional groups and their interaction with chiral cycHC[8] were tested. The binding of polar hydrogen bond (HB)-donating guests was studied mainly with cycHC[6], and we discuss difficulties related to stepwise association constant evaluation for systems with multiple binding sites. Additionally, we have examined the incorporation of small anions into the cycHC[6] cavity in methanol and chloroform solutions.
MATERIALS AND METHODS
Materials, Instrumentation, and Sample Preparation
All reagents and solvents were purchased from commercial suppliers. Macrocyclic host compounds were used only as (R,R)-cycHC[n] enantiomers and were synthesized in our laboratory from (R,R)-cyclohexanourea according to procedures described in the literature (Aav et al., 2013; Prigorchenko et al., 2015; Kaabel et al., 2019).
1H NMR (400 MHz) and 19F NMR (376.5 MHz) spectra were recorded on a Bruker Avance III spectrometer, using a Bruker BBO probe equipped with a z-gradient coil. Chemical shifts were referenced to the residual proton solvent peak (δ(1H) = 3.34 ppm in CD3OD-d4 and δ(1H) = 7.26 ppm in CDCl3) or to TMS (0.00 ppm) as an internal standard. All chemical shifts are reported in ppm units. The data were analyzed using the program MNova (Mestrelab).
All the solutions were prepared using Hamilton® Gastight syringes; these syringes were also used for all additions during titrations. In the case of precise measurements of higher volumes (over 1 ml), the mass and density of the solvent were used instead of volumetric glassware. Samples were weighed on a microbalance with an accuracy of 6 μg (Radwag® MYA 11.4Y, Poland).
Anion Binding With CycHC[6]
The binding of anions to cycHC[6] was tested in CD3OD-d4 (0.8 mM cycHC[6]) and CDCl3 (1.2 mM cycHC[6]) by the addition of salt excess to the macrocycle solution. Tetrabutylammonium (TBA) chloride and bromide have been added as a solid compound. The specific excess of salt was determined from the integration of NMR signals against the known concentration of macrocycle. 1H NMR was measured shortly before and after salt addition and then after 18 h. The dissolution of weakly soluble cycHC[6] in methanol was achieved by heating the sample repeatedly and employing sonification.
Screening of Potential Guests, Titrations, and Job’s Plot in CDCl3
In the first screening of guests, chemical shift changes of cycHC[8] (ca 2.5 mM) proton signals induced by the addition of 0.5, 5, and 40 equivalents (equiv) of guests (1–9) were investigated by 1H NMR in CDCl3. Guests were added in solutions of known concentration (typically 300–400 mM).
All NMR titrations were performed at a constant concentration of guest (2 mM for qualitative comparison titrations, guests 6, 9–18) in a sample throughout the whole experiment, which was achieved by the dissolution of titrant (cycHC[n]) in the solution of the guest. 1H or 19F NMR was used according to the guest’s structure; 19F NMR was preferred as it usually revealed more significant changes in the chemical shift.
The continuous variation method (Job’s plot) was conducted for trifluoroacetic acid (guest 16) with cycHC[8] (10 mM) and for 16 with cycHC[6] (20 mM).
Binding Strength Evaluation and Partial Charge Calculation
Stepwise association constants were evaluated and simulated using online tools at supramolecular.org (Thordarson, 2011; Hibbert and Thordarson, 2016) and our 3:1 binding model, which was introduced in our previous publication (Ustrnul et al., 2019). The script for the 3:1 binding model uses the NumPy (1.10.2) and SciPy (0.18.1) libraries of Python 3. The script was adapted to the studied system of HB donors and macrocycles using the following constraints: 1) K1obs > K2obs > K3obs and 2) δHG1, δHG2, δHG3 ≥ δEXPmax− 5 (δEXPmax − δEXPmin); these constraints prevent the chemical shift δ of the complexed guest (HGx) from diverging extremely from experimentally observed values.
The atomic charges presented in the study are calculated using the modified Hirshfeld charge analysis. The wave function for the population analysis was obtained using the density functional theory (DFT) (Lu and Chen, 2012; Aprà et al., 2020).
RESULTS AND DISCUSSION
Test of Anion Binding Inside CycHC[6] in Methanol Solutions
Precisely described anion binding inside the cycHC[8] cavity in methanol solutions (Kaabel et al., 2017) and previously calculated and experimentally confirmed (in gas phase) complexes of Cl−, Br−, and HCOO− with cycHC[6] (Öeren et al., 2014) would imply a possible interaction between a 6-membered macrocycle and small anions in methanol (Figure 1). The cycHC[6] is poorly soluble in protonic media; nevertheless, stable solutions with concentrations suitable for 1H NMR measurements (ca 1 mM) can be reached by heating the sample combined with sonification. Hence, we prepared samples of cycHC[6] in MeOD-d4 (0.8 mM) and added an excess of Cl− and Br− salts. 1H NMR spectra were measured shortly before and after the addition of salts and then 18 h later to rule out a possible slow kinetics of binding (Supplementary Figure S1). Surprisingly, there was no change in the cycHC[6] spectra. Later, we conducted the same experiment in chloroform with the chloride anion, and there was also no visible interaction in this solvent (Supplementary Figure S2). Therefore, we can conclude that in chloroform and even in methanol solutions, the binding of anions (Cl−and Br−) inside the cycHC[6] cavity is too weak to be observed at the conditions used due to the competition of anion solvation.
Screening of Various Guests for CycHC[8]
Our knowledge of the binding properties of cycHC[n]s in aprotic solvents was limited mainly to carboxylic acid derivatives; therefore, several small compounds 1–9 (Figure 2) bearing various functional groups were used to test the interaction with cycHC[8] in chloroform to learn more about the possibility of external and inclusion complex formation. The binding site can be detected by changes in either the spectra of protons positioned inside the cavity or external ones (see the numeration in Figure 2). It was previously shown in methanol that changes of cycHC[8] chemical shifts (δ) in 1H NMR are most pronounced for the protons H2ax and H6ax directing inside the cavity and indicating the position of the complexed anion (Kaabel et al., 2017). Similarly, for a complex between cycHC[6] and externally bound trifluoroacetic acid in chloroform, the only slightly shifted signal is H1ax directing outside the cavity (Prigorchenko et al., 2019). Interestingly, the binding of porphyrins in dichloromethane has induced a noticeable upfield shift of all macrocycle signals (cycHC[6] or cycHC[8]) as a consequence of the proximity of the large porphyrin’s aromatic system (Ustrnul et al., 2019).
[image: Figure 2]FIGURE 2 | Structures of macrocyclic hosts and small guest molecules used in the study.
Based on the previous results, we followed 1H NMR signals of cycHC[8] (2.5 mM) in the presence of 0, 0.5, 5, and 40 equiv of guests 1–9 in CDCl3. Aliphatic guests 1–3 bearing electron-rich groups have not induced any shift of cycHC[8] signals, clearly showing they are not forming any type of complexes (Supplementary Figure S3). The presence of trifluoromethanesulfonic superacid 4 (Howells and Mc Cown, 1977) was expected to provide a hydrogen bond (HB) from its strongly polarized O-H group or cause protonation of the macrocycle. Also, it is known that some superacids are capable of inducing the formation of HCl and chloronium cations from chlorinated solvents (Stoyanov and Stoyanova, 2018). However, the chemical shifts of the macrocycle were not influenced, and we can only speculate that acid four preferred to interact with itself and be passive toward the macrocycle in this solvent.
Benzene derivatives 5–9 are small enough to possibly fit inside the cycHC[8] cavity (Prigorchenko et al., 2015), so we presumed an inclusion complex for the electron-rich chlorobenzene 5; nevertheless, no signal shift occurred. The addition of 40 equiv of thiophenol 6 and aniline 7 provided a barely noticeable change in the macrocycle’s proton spectra (Figure 3); hence, we could not deduce the binding site, and we concluded that the compounds were bound very weakly or did not bound at all. Finally, phenol derivatives 4-methylphenol 8 and 3-(trifluoromethyl)phenol 9 induced a change in cycHC[8] chemical shifts (Figure 3). The less polarized 8 caused almost negligible changes, and the more polarized electron-withdrawing group (-CF3)-bearing 9 generated a clear shift of multiple signals. A similar change in the chemical shift of cycHC[8]’s inner H2ax and outer H1ax and methylene bridges H8 and H9 is inconsistent with inclusion complex formation. Alternatively, it can be related to the creation of an external hydrogen bond between the phenol O–H and the carbonyl groups of the macrocycle or to the protonation of the macrocycle formation of an ion pair. The more pronounced change of chemical shifts of signals of guest 9 (more-polarized) compared with guest 8 (less-polarized) support both options. Evidence supporting the hydrogen bond formation was noticed while comparing the chemical shifts of cycHC[8] in the presence of phenol 8 and thiophenol 6, as, in general, phenols are less acidic than thiophenols (pKa = 18 and pKa = 10, respectively, in DMSO) (Bordwell, 1988). If the protonation of the macrocycle were the main cause of the signal shift, then the thiophenol 6 should induce a larger chemical shift due to the more pronounced protonation. However, this was not the case (Figure 3). Direct evidence for HB formation was obtained by the addition of cycHC[8] to the solution of 10, which induced a typical strong downfield shift (Hibbert et al., 1990) of the acidic proton in 1H NMR of 10 (see Supplementary Figure S4).
[image: Figure 3]FIGURE 3 | 1H NMR spectra of free cycHC[8] (2 mM) and in the presence of 40 equiv of guests 6–9(left) and visualization of probable interactions (red, dashed) between 9 and cycHC[8] (right). Guest orientations and binding stoichiometry are illustrative.
In conclusion, guests 1–8 have no or a very weak interaction with cycHC[8], and only the polarized, HB-donating guest 9 induced evident changes in the 1H NMR spectra of the macrocycle in chloroform. We assume that a test of binding to cycHC[6] would provide similar results as there was no sign of inclusion complex formation with cycHC[8].
NMR Titration Studies
Based on the previous screening, hydrogen bonds are the dominant interaction of cycHC[n] in chlorinated solvents—the macrocycle’s carbonyl groups act as an acceptor and the guest as an HB donor. It could be deduced that cycHC[6] and cycHC[8] have six and eight available binding sites, respectively. Therefore, a complete description of such a complex system would require a determination of six or eight stepwise association constants. Considering that the necessary amount of reliable experimental data and the subsequent data evaluation would be disproportionately demanding for such a study, we decided to compare the affinity of guests 6 and 9–18 toward cycHC[n] by a qualitative approach as described further. Nevertheless, we first needed to scrutinize the general binding properties of the suggested host–guest systems and their cooperativity (Ercolani, 2003; Hunter and Anderson, 2009; Thordarson, 2011).
The macrocycle is relatively rigid at a normal temperature, so we can assume there is no positive or negative cooperativity in stepwise binding caused by its conformational changes (Figure 3). Next, the formation of an HB will cause a local decrease of electron density on the bound carbonyl group, which can induce a small decrease in electron density on the neighboring carbonyl groups, leading to their smaller affinity toward a guest and, therefore, negative cooperativity. Further, we need to consider the role of the guests. All of them bear only one apparent group capable of providing an HB. Hence, we can assume the mechanism of binding to the macrocycle has to be similar. Additional guest-specific effects that influence the binding strength could be 1) guest self-aggregation through the hydrogen bond (e.g., dimerization of carboxylic acids) (Fujii et al., 1988; Colominas et al., 1998) as a competitive interaction to complexation with cycHC[n] and 2) steric hindrance between a bulky guest and cycHC[n] (see Figure 3) or between guests bound at adjacent carbonyl groups of cycHC[n] (significant in saturated complexes). Based on the given reasoning, we can expect no cooperativity or negative cooperativity in the external binding of cycHC[n] with single HB donors in a nonpolar solvent. Therefore, every stepwise association constant Ki has to be stronger than the following stepwise Ki+1 (for more details, see supporting information on page S9).
All NMR titrations (1H and 19F) for a qualitative comparison of binding strength were carried out in the same constant concentration of a guest (2 mM) with additions of specific equivalents of cycHC[6] (Figure 4). The reasons for such experimental setup were as follows: 1) in the previous screening, the 1H signals of cycHC[n] were relatively insensitive upon interaction with a guest, so we wanted to track the guest’s signal instead; 2) polar and acidic guests could exhibit changes in NMR spectra related to a change of their concentration in chloroform (e.g., dimerization of carboxylic acids); therefore, it is desired to keep their concentration invariable throughout the titration; 3) titration will lead to the excess of cycHC[6], and the formation of a saturated 1:1 complex; and 4) the smaller cycHC[n] derivative was chosen for those experiments to prevent any theoretical influence of incorporation of guests into the macrocycle cavity. In this setup, the observed changes in the chemical shift of guests can be associated exclusively with cycHC[6]. Stepwise association constants for the binding of second, third, and further guests will influence the shape of the titration curve only at the very beginning as it is the only condition where an excess of guest over the cycHC[6] is present. When the mechanism of complexation is the same for all the guests, then the more pronounced titration curve of a particular guest (reaching a plateau at lower equivalents of cycHC[6]) must correspond with its stronger K1 compared to a guest with a flatter titration curve (reaching a plateau in higher equivalents of cycHC[6]) (Figure 4). Moreover, the strength of K1 should be representative in this case and sufficient to compare the overall binding affinity of different guests as we cannot determine cumulative association constant β (β = K1 · K2 · ... · Km, where m corresponds to the stoichiometry of complex), due to the limitations of acquiring reliable data for higher stoichiometry (see supporting information, page S10).
[image: Figure 4]FIGURE 4 | 1H and 19F NMR titration data for guests 6 and 9–17 (2 mM) in the presence of a growing concentration of cycHC[6]; values of guest’s chemical shift δ normalized at 10 equiv of cycHC[6]. The legend of the graph follows the order of binding from the weakest (top) to strongest (bottom). Experimental data points are assigned with geometrical shapes; the dotted lines are shown to guide the eye. The invalid points were excluded for some guests, specifically for guests 6, 11 (at 1 equiv), and 12 (at 6 equiv). As an internal reference for the fluorine signal position in 19F NMR, we added hexafluorobenzene 19; however, it appeared that the presence of reference inside the samples was not necessary, as we did not observe fluctuations in reference δ between individual spectra.
On that account and all mentioned above, we can compare the strength of binding of selected guests with each other by simply comparing the shapes of titration curves. To do that, we normalized the experimental values from NMR as the extent of chemical shift δ change varies for different guests and depends on their sensitivity to the change of their close electronic environment upon binding. Data were normalized at 10 equiv of cycHC[6] (see details in SI) as such an excess of macrocycle should be sufficient to get over 85% saturation of 1:1 complex even for moderate association constants (simulated for K1 = 1000 M−1, K2 = 500 M−1 with a 2:1 NMR binding model in the online tool Bindsim from supramolecular.org) (Thordarson, 2011; Hibbert and Thordarson, 2016).
We aimed to observe differences between various HB-donating functional groups and the influence of electron-withdrawing groups in the structure of guests as they should enhance the strength of the HB. The selected guests 6 and 9–18 fulfilled those aims well. We expected that the binding of HB donors with cycHC[6] should correlate with Abraham’s hydrogen bond acidity (Abraham, 1993; Abraham et al., 2006), which is a measure of the compound’s ability to perform as an HB donor or acceptor. However, the values are not available for all studied guests, and we could only generalize that in our set of guests, the thiophenols are bad HB donors, and phenols with carboxylic acids should be roughly equal. However, we were interested in comparing the whole set of measured guests. Therefore, we calculated Hirshfeld partial atomic charges for protons contributing to HB interaction with cycHC[6] (Figure 5) using the density functional theory (DFT). The higher value means a higher partial positive charge, therefore, a better ability to act as an HB donor. One should bear in mind that gas-phase calculations explain the relative polarity difference between the studied guests and cannot fully reflect the situation in the solution.
[image: Figure 5]FIGURE 5 | Order of binding according to the shape of titration curves (assigned by ≈, ≤, <) and values of partial positive charge on the hydrogen atom participating in the hydrogen bond formation of guests 6 and 9–18 with cycHC[6]. Color coding: H: bright blue, C: dark gray, O: red, S: yellow, F: bright green, Cl: green, and Br: orange.
In the qualitative comparison of binding (Figure 4), the titrations of thiophenols 6 and 11 provided barely any signal shift, which resulted in a straight line instead of a curved titration isotherm. This observation is not surprising as sulfur has a significantly lower electronegativity, and our calculations showed a very small partial charge on a hydrogen atom compared to the other guests. Surprising results were obtained for camphorsulfonic acid 17; its acidic proton had a larger atomic charge than that of carboxylic acids, but the titration curve of 17 was very flat, suggesting binding barely stronger than that with thiophenols 6 and 11. Reasons for such a weak interaction can be 1) steric hindrance between the macrocycle and the bulky structure of 17, and 2) formation of intra- or intermolecular HB between the sulfonic group and the carbonyl group of 17.
Guest 12 provided a less pronounced titration curve than equally charged 13 and 10, which could be related to a steric hindrance and eventually to the different behavior of different functional groups in the solution. Stronger than 12 was a group of guests with similar titration curves showing the order of binding corresponding well with atomic charges (9 ≤ 13 ≤ 10 ≤ 14) with small irregularity. The binding of the phenol derivative 9 is slightly weaker than that of 10, which is in the opposite order of their partial charge on the proton. However, this could also be reasoned by the steric hindrance of the trifluoromethyl group. Like 12, 15 has a weaker affinity in comparison with equally charged but less sterically hindered 16 and 18. Trifluoroacetic acid 16 is a small molecule bearing an electron-withdrawing CF3 group nearest to the HB donor, causing its high atomic charge and the strongest interaction with cycHC[6].
Methanesulfonic acid 18 exhibited results that did not correspond between parallel titrations due to difficulties in the sample preparation caused by the low solubility of 18 in chloroform. Accurate experimental concentrations of 18 in the titrations were obtained from comparing the NMR signal intensities of 18 and a compound of known concentration, which was either host cycHC[6] or, on one occasion, a standard 1,2,4,5-tetrachloro-3-nitrobenzene. Unfortunately, we could not include guest 18 in Figure 4 because its concentrations in titrations were not comparable with other guests (titration data for all guests, including concentrations other than 2 mM, are present in Supplementary Tables S1–S22). At the same time, we were able to estimate that the binding of 18 with cycHC[6] is the strongest out of all the tested guests because at the concentration ca of 0.4 mM, the titration curve was as pronounced as the curve of 2 mM trifluoroacetic acid 16 (see Supplementary Figure S8).
Enantioselective Interaction With Chiral Guests
Previous studies showed chiral recognition of α-methoxyphenylacetic acid enantiomers by cycHC[6], illustrated by changes in 13C NMR (Aav et al., 2013). Those studies also showed enantioselective binding by cycHC[6] and cycHC[8] based on the DOSY NMR and fitting with a 1:1 model of binding (Prigorchenko et al., 2015). Further, a low selectivity of binding for Mosher’s acid (guest 15) enantiomers by cycHC[8] was reported using the same method (DOSY NMR). However, the ability of cycHC[6] to differentiate between enantiomers of 15 was not tested, so we decided to apply our qualitative approach to this system. First, we conducted the 1H NMR titration for both enantiomers of 15 (2 mM) (see Supplementary Table S11, S12). The change in chemical shift was very small, and normalized titration curves (at 4 equiv) were almost overlapping (Figure 6A). Then we exploited 19F NMR in two titrations of R-15 and one titration of S-15 (2 mM) and normalized the titration curves at 11 equiv (see Supplementary Tables S8–S10) as the latest common data point (Figure 6B). Surprisingly, the titration curves overlap perfectly, so it seems cycHC[6] cannot bind Mosher’s acid 15 enantioselectively, or the selectivity is so low that it cannot be differentiated by the method used. Indeed, only a very low selectivity was previously reported for cycHC[8] (Prigorchenko et al., 2015).
[image: Figure 6]FIGURE 6 | Titration data for enantiomers of guest 15 (2 mM) in the presence of a growing concentration of cycHC[6]. Graph (A) shows 1H NMR normalized at 4 equiv, and (B) shows 19F NMR normalized at 11 equiv. Experimental data points are assigned with circles; the dotted lines are shown to guide the eye.
Evaluation of Apparent Association Constants
The evaluated system should have negative or no cooperativity. Therefore, Ka values for higher stoichiometry complexes are decreasing, and the concentration of corresponding complexes becomes negligible in solution. Additionally, there is generally no meaning in fitting data with the model using higher stoichiometry if such fitting does not significantly improve the overall quality of fit (Thordarson, 2011; Hibbert and Thordarson, 2016). Therefore, we decided to apply an adapted version of our 3:1 binding model, developed to evaluate the porphyrin binding (Ustrnul et al., 2019), to quantify the binding between the HB donors and cycHC[n].
The fitting with the 3:1 binding model for titration data used at a qualitative comparison of binding strength has revealed that most of the studied guests had too low binding for acceptable determination of the first three apparent stepwise Kobs; therefore, 2:1 and 1:1 binding models had to be used. Only some of the titration data for guests 16 and 18 provided a reasonable fit for K1obs–K3obs (Supplementary Table S23). Overall, the binding between the guests and cycHC[6] cannot be compared quantitatively as the data cannot be evaluated with the same binding model (see supporting information, page S32–S33). Nevertheless, we focused on the strongest binding acids 16 and 18 to confirm the stoichiometry of the complexes higher than 2:1 and evaluated Kobs with a 3:1 (Python script) and a 2:1 (Bindfit) binding model.
To justify using the 3:1 binding model, we have conducted a continuous variation method known as a Job plot experiment between guest 16 and cycHC[6] and also cycHC[8] by 19F NMR. Although it was previously proved that the Job plot method is not suitable for determination of precise stoichiometry, it can still provide useful and demonstrative information for suitable systems (Hibbert and Thordarson, 2016; Ulatowski et al., 2016). First, we conducted the experiment with cycHC[8] (Figure 7A) using a common arrangement, varying mole fractions of host and guest from 0 to 1 at a high overall concentration (10 mM). Results showed a maximum at points 0.7 and 0.8 mole fraction of guest 16 (full data in Supplementary Table S25); therefore, we can assume that the maximum of the curve lay around 0.75, which is a position corresponding to the formation of a complex with a stoichiometry at least 3:1 (16:cycHC[8]). Based on those results, we modified the experimental arrangement for measurement with cycHC[6] (Figure 7B) and increased the concentration (20 mM). Also, we focused on mole fractions in excess of guest 16. The mole fraction values were chosen to correspond with specific host–guest ratios (xi = 0.5 for 1:1, xi = 0.66 for 2:1, xi = 0.75 for 3:1, xi = 0.8 for 4:1,...). Obtained data revealed a flat top between 0.66 and 0.8 with a maximum at 0.75 (full data in Supplementary Table S26), which reflects at least 3:1 binding (16:cycHC[6]) stoichiometry, the same as cycHC[8]. Hence, using the 3:1 binding model to evaluate apparent association constants between 16 and cycHC[n] should provide values of Kobs that better correspond to reality than models describing a lower stoichiometry binding.
[image: Figure 7]FIGURE 7 | 19F NMR Job plot experiment results for a complex of (A) cycHC[8] with guest 16 (ctotal = 10 mM) and (B) cycHC[6] with guest 16 (ctotal = 20 mM). Black crosses are experimental points, and the blue dotted lines are shown to guide the eye.
We have conducted additional 19F NMR titrations to collect sufficient data to evaluate association constants between trifluoroacetic acid 16 and cycHC[n] macrocycles. Specifically, we have measured two titrations with cycHC[8] at the same concentration of guest 16 (2 mM) as in the titrations for a qualitative comparison. Then, we performed two titrations at a higher concentration of 16 (18 mM), one with cycHC[6] and one with cycHC[8] (full titration data in Supplementary Tables S13–S17), because concentration range broadening of titrations should improve the outcome quality of the following fitting procedure more than simply repeating experiments at the same concentration (Thordarson, 2011; Hibbert and Thordarson, 2016). In the end, we had data for 2 mM and 18 mM solutions of guest 16 with studied cycHC[n]s that allowed us to compare cycHC[6] and cycHC[8] using our qualitative approach. Titration data for 18 mM guest 16 were normalized at 1.2 equiv and provided almost identical titration curves for both cycHC[n] (Figure 8). However, a slightly more pronounced curve for titrations with cycHC[8] suggests a stronger binding, probably as a result of a larger amount of available binding sites (carbonyl groups) on cycHC[8] than cycHC[6]. Data collected for 2 mM guest 16 and normalized at 5 equiv confirmed the trend observed at the higher concentration (see Supplementary Figure S5). Nevertheless, such comparison is only demonstrative as the binding mechanism is not known in detail and can differ due to the different size or properties of cycHC[6] and cycHC[8].
[image: Figure 8]FIGURE 8 | 19F NMR titration data for guest 16 (18 mM) in the presence of a growing concentration of cycHC[6] (purple) and cycHC[8] (green) normalized at 1.2 equiv. Experimental data points are assigned with circles; the dotted lines are shown to guide the eye.
We attempted to determine Kobs by a 3:1 (Python script) and a 2:1 (Bindfit) binding model from all the titration data collected for both guests 16 and 18 with cycHC[n] (Supplementary Table S23). The 3:1 binding model allowed us to evaluate the data from titrations at different concentrations simultaneously; however, it was successfully realized only for two datasets for 18 titrated by cycHC[6] (Table 1, entry 1). The experimental data and obtained fit (Figure 9, the normalized version in Supplementary Figure S9) show a more pronounced titration curve at a higher concentration of 18 due to the increased abundance of the 1:1 complex and higher stoichiometry complexes. By combining data from various concentrations, the simultaneous fit should provide more precise Kobs; however, that cannot apply to systems with Kobs significantly dependent on experimental concentration. Therefore, we can assume that simultaneous fit in most cases failed because of the dimerization of acids in chloroform. Hence, we applied the 3:1 model on every titration dataset separately and obtained a reasonable fit between experimental and calculated values only for one experiment for every combination of acid and cycHC[n] (Table 1), giving us no opportunity to evaluate the reliability of the results. Fitting for the guest 18 with cycHC[8] (Table 1, entry 2) showed K1obs ≈ K2obs values corresponding to a positive cooperativity, which we ruled out earlier. Guest 16 with cycHC[6] exhibited an error of K3obs same as the value itself (Table 1, entry 3 and Supplementary Figure S10). Finally, 16 with cycHC[8] showed reasonable values of all three Kobs (Table 1, entry 4).
TABLE 1 | Observed association constants (Kobs) obtained from fitting with a 3:1 binding model.
[image: Table 1][image: Figure 9]FIGURE 9 | Experimental points and binding isotherms (dotted lines) obtained from simultaneous fitting for titrations of guest 18 titrated by cycHC[6], which were performed at different concentrations.
Interestingly, we were not able to determine Kobs for any titration of 18 mM 16. All these results indicate that the 3:1 binding model cannot provide reliable Kobs without a better understanding of the binding mechanism as it would lead to additional or improved constraints. Moreover, the binding at higher concentrations of acid could still be difficult to evaluate due to an increasing influence of complexes with stoichiometry over 3:1.
Evaluation of titration data by the 2:1 binding model provided additional evidence for the higher stoichiometry of binding. In the case of 2 mM guest 16 titrated by cycHC[6], a very good fit was obtained, as can be recognized from the random distribution of residuals (Figure 10A). The 2:1 binding model seems to suit the host–guest system very well, and we could falsely deduce that, indeed, one cycHC[6] binds exactly two molecules of 16. However, the determined K1obs = 928 ± 17 M−1 and K2obs = 501 ± 38 M−1 indicate refuted positive cooperativity (K2obs/K1obs > 5/12 for 6:1 systems or K2obs/K1obs > 1/4 for 2:1 systems; for more details, see supporting information, page S9). In addition, both Kobs are significantly different from the previously published K1obs = 280 ± 10 M−1, K2obs = 630 ± 20 M−1 obtained for similar guest concentration (Prigorchenko et al., 2019).
[image: Figure 10]FIGURE 10 | Examples of fitting by the online tool Bindfit (supramolecular.org) using a 2:1 binding model for guest 16 titrated by cycHC[6] at different concentrations. Upper graphs show experimental points (black crosses) and fitted binding isotherm (red dashed line); lower graphs show residuals (distance between the experimental value and fitted isotherm). In the case of (A) 2 mM 16, we obtained a good fit and K1obs = 928 ± 17 M−1 and K2obs = 501 ± 38 M−1. However, for (B) 18 mM 16, we obtained a poor fit reflecting the inappropriate binding model (K1obs = 0.04 ± 0.01 M−1, K2obs = 228,544 ± 21,727 M−1).
If any of these apparent K1obs and K2obs were real association constants, then an evaluation of titration for 18 mM guest 16 should provide similar values of binding constants or possibly lower values due to enhanced competition with the guest's dimerization. Nevertheless, the fitting of 18 mM 16 titrated by cycHC[6] provided large sinusoidal residuals, and we can speculate that the large K2obs and a very steep change of experimental values of the chemical shift at low equivalents of cycHC[6] are evidence for the formation of higher stoichiometry complexes (Figure 10B). Comparable results were obtained from the fitting of data for the same acid (16) with cycHC[8] (Supplementary Table S23). Two titrations at 2 mM concentration gave, on average, K1obs = 389 ± 59 M−1 and K2obs = 601 ± 85 M−1. An 18 mM titration exhibited large sinusoidal residuals (see Supplementary Figures S11–S13). In the case of acid 18, concentrations were very similar in all titrations, but the results of fitting were inconsistent. Overall, a comparison of all titration experiments for guests 16 and 18 shows the trend of larger apparent positive cooperativity (K1obs < K2obs) for experiments at elevated concentrations of guest that can be easily explained by a higher relative amount of complexes with stoichiometry over 2:1 at the beginning of titration in such conditions. It also indicates that a 2:1 binding model is inappropriate as it does not correspond to real complex stoichiometry.
CONCLUSION
Previous studies of cycHC[n]-binding properties in nonpolar solvents (chloroform) have focused almost exclusively on interactions with carboxylic acids and their derivatives. The DOSY NMR was used to investigate the complex formation at the molar equivalency of the host and guest. It was not suitable for uncovering the existence of complexes of higher stoichiometry. Later, classical NMR titrations were conducted for cycHC[6] derivatives and trifluoroacetic acid. However, data evaluation with a 2:1 binding model that underestimated the stoichiometry of the guest has provided the false impression of positive cooperativity.
This article has broadened the scope of knowledge on cycHC[n]-binding properties in chloroform by testing interactions between a set of guests 1–9 bearing various functional groups and cycHC[8]. Only the guests capable of providing a hydrogen bond exhibited signs of complex formation through the carbonyl groups of the macrocycle. Despite a size difference, cycHC[6] is chemically analogous to cycHC[8] and, due to their similar binding properties, the external binding of guests was confirmed.
We carried out titrations for cycHC[6] and polar organic hydrogen bond donors from a group of thiophenols, phenols, carboxylic acids, and sulfonic acids (guests 6 and 9–18). We observed a broad range of binding strengths from almost no binding (thiophenols) to moderate (acids 16 and 18), which did not allow the quantification of association constants with the same binding model for all the collected data and their subsequent comparison. Therefore, we have made a qualitative comparison based on titration curves. The final order of binding strength from weakest to strongest was 6 ≈ 11 < 17 < 12 << 9 ≤ 13 ≤ 10 ≤ 14 < 15 << 16 and correlates with the increasing hydrogen bond donor's partial atomic charge. Methanesulfonic acid 18 exhibited strong binding, but it could not be compared to other guests directly due to limited miscibility in chloroform.
We collected additional data to quantify apparent association constants for the strongest binding acids 16 and 18 with our 3:1 and the Bindfit 2:1 binding model. Surprisingly, the 3:1 binding model did not provide a fit for all of the data; however, for acid 18 with cycHC[6], we have obtained K1obs = 1700 ± 250 M−1, K2obs = 500 ± 250 M−1, and K3obs = 400 ± 200 M−1 from simultaneous evaluation of two titrations while the 2:1 model gave inconsistent results for all titrations of 18. None of the models provided an acceptable fit for measurements at high concentration (18 mM) for acid 16; this could be a consequence of the formation of higher stoichiometry complexes. Nevertheless, we observed a very good fit from 3:1 and 2:1 binding models for titrations of 2 mM of 16. In such cases, the simpler model should be preferred; therefore, we can report K1obs = 928 ± 17 M−1 and K2obs = 501 ± 38 M−1 with cycHC[6] and K1obs = 389 ± 59 M−1 and K2obs = 601 ± 85 M−1 with cycHC[8]. However, macrocycles have enough binding sites to accommodate more than two or three guests, so the determined stepwise association constants are only apparent. We can assume that they include information on higher stoichiometry Kobs because of our experimental arrangement. We consider the determined Kobs to be valid and useful for the same (ca 2 mM) or lower concentrations in chloroform, which we used in corresponding titration experiments.
Unlike other single-bridged cucurbituril family members, the current study confirmed that the binding of chloride and bromide with cycHC[6] does not occur in methanol and chloroform solutions.
This article has provided new insights into the cycHC[n] binding properties that will help recognize promising guests from several biologically active compounds. The binding of HB-donating guests is a dominant interaction in chlorinated solvents, and its strength can be related to the shape, size, and partial charge on the hydrogen atom (of the HB-donating functional group) of the guests. The evaluation of stepwise association constants is challenging because cycHC[n] can bind three or more guests at once. Hence, we have demonstrated an alternative approach of qualitative comparison of binding affinity for a set of guests. The same method can be used for any host–guest system where the same binding mechanism can be assumed for all tested guests.
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Fullerene has attracted much attention in biomedical research due to its unique physical and chemical properties. However, the hydrophobic nature of fullerene is limited to deploy in the body, given that the biofluids are mainly water. In this study, a water-soluble supramolecular nanoformulation based on a deep cavitand calixarene (SAC4A) and fullerene is developed to overcome the hydrophobicity of fullerene and is used as a potential photodynamic agent. SAC4A solubilizes fullerene very well with a simple grinding method. The significantly increased water solubility of fullerene enables efficient activation of reactive oxygen species. The host–guest strategy to solubilize fullerene can not only provide a new method to achieve water solubility but also expand the biomedical applications of fullerene.
Keywords: supramolecular chemistry, photodynamic agent, calixarene, fullerene, solubility
INTRODUCTION
Fullerene has been widely used in biomedical research, acting as an antimicrobial agent (Mashino et al., 1999; Tsao et al., 2001), a human immunodeficiency virus protease inhibitor (Friedman et al., 1993), and a photosensitizer to cleave DNA (Boutorine et al., 1995; Sharma et al., 2011). It can efficiently form long-lived triplet excited states by visible-light irradiation and generate highly reactive oxygen species (ROS) via an electron transfer Type I reaction, which generates superoxide anions (O2−•) yielding hydroxyl radicals, and/or an energy transfer Type II reaction, which generates singlet oxygen molecules (1O2) (Yamakoshi et al., 2003). However, the hydrophobicity of fullerene limits its potential applications as photosensitizer in biological fluids. Much effort has been focused on increasing fullerene water solubility by grafting hydrophilic groups on fullerene (Rašović, 2016). Nevertheless, chemical modifications usually lead to the unanticipated alternation of fullerene photophysical properties (Hamano et al., 1997; Prat et al., 1999). Therefore, the solubilization of fullerene in a non-covalent approach emerges to be an alternative approach (Zhang et al., 2014). Macrocyclic hosts have been engaged in solubilizing fullerene in water [e.g., cyclodextrins (CD) and calixarenes] (Ikeda, 2013). Braun et al. investigated the solid–solid mechanochemical reaction between fullerene and γ-CD by ball-milling their mixture. The concentration of C60 in water was 1.5 × 10–4 M [(γ-CD) = 6.5 × 10–3 M] (Braun et al., 1994). Komatsu et al. examined that the equimolar amounts of C60 and sulfonatocalix[8]arene were subjected to high-speed vibration milling treatment, and the concentration of C60 was calculated to be 1.3 × 10–4 M (Komatsu et al., 1999). These water-soluble fullerenes solubilized by macrocycles confirm the feasibility of the host–guest strategy. Moreover, the complexation of fullerenes by macrocycles is an important way used to improve their photoactivities (Antoku et al., 2019).
In this work, we synthesized sulfonated azocalix[4]arene (SAC4A), which possesses a deep cavity that imparts strong binding to hydrophobic cargoes. Additionally, the -SO3− functional groups endow calixarene with water solubility and also provide anchoring points that supplement the cavity binding to guests (Guo et al., 2014; Pan et al., 2017; Pan et al., 2021; Pan et al., 2021). As expected, SAC4A solubilized fullerene under the condition of a molar ratio of 1:1 by the grinding method (Figure 1), which is a simpler method than ball-milling or high-speed vibration milling treatment. We further evaluated its ability to generate ROS under LED irradiation, which is significant on account of its further biomedical applications.
[image: Figure 1]FIGURE 1 | Schematic illustration of supramolecular nanoformulation formed by the host–guest complexation between SAC4A and fullerene. The encapsulation of fullerene with SAC4A gives rise to improved solubility and efficiently activated ROS.
RESULTS AND DISCUSSION
Molecular Design of Macrocyclic Host SAC4A and SAC4A-Solubilized Fullerene
Calixarene was employed as the macrocyclic host because of its broad chemical design space (Böhmer, 1995). By making calix[4]arene to directly react with 4-sulfobenzenediazonium chloride, SAC4A was obtained with a high yield (Figure 2A and Supplementary Figure S1) (Lu et al., 2005). Sulfocalix[n]arenes (SCnAs, n = 4, 5, and 6) without deep cavity were synthesized as controls (Figure 2A), referring to literatures (Shinkai et al., 1987; Steed et al., 1995). The calixarene-solubilized fullerenes (C60 and C70) were prepared by the grinding method (for more details, see the Supplementary Material). The concentrations of C60 and C70 in the supernatant were determined by high-performance liquid chromatography (Figure 2B). The concentration of C60 by supramolecular complexation with SAC4A increased to 6.45 × 10–4 M. The solubilization effect of SAC4A is significantly higher than that of the control of SCnAs. It may be observed that the cavity of SC4A is too small to accommodate fullerene. Even if adding repetitive units to expand the cavity latitudinally, the cavities of SC5A and SC6A are still too shallow to encapsulate fullerene. On the other hand, the azobenzene modification endows SAC4A with a deep cavity that is suitable to include hydrophobic guests (Zhang et al., 2020). It is suggested that calixarene is more effective in solubilizing fullerene by extending the cavity longitudinally than latitudinally.
[image: Figure 2]FIGURE 2 | (A) Molecular structures of SAC4A and SCnAs. (B) The concentrations of C60 and C70 solubilized by calixarenes (1 mM for hosts).
Size, Morphology, and Stability of C60@SAC4A
Due to the best solubilizing effect, we selected the C60@SAC4A system to representatively study its size and morphology. Dynamic light scattering (DLS) was employed to identify the size of the C60@SAC4A assembly (Guo et al., 2020), giving a hydration diameter of 28 nm with a polydispersity index (PDI) of 0.135 (Figure 3A). The representative transmission electron microscopy (TEM) image (Li et al., 2020) revealed that the C60@SAC4A assembly possessed a spherical morphology with an average size of 20 nm (Figure 3B), which was smaller than the DLS result due to the dehydration that occurred during the TEM sample preparation (Yang et al., 2020). C60@SAC4A forms water-soluble nanoformulation rather than simple host–guest complex, implying a potential passive targeting ability through enhanced permeation and retention (EPR) effect when used in vivo (Gao et al., 2018; Cai et al., 2021).
[image: Figure 3]FIGURE 3 | (A) The DLS data of the C60@SAC4A assembly in PBS buffer (10 mM, pH = 7.4), at 25°C. (B) TEM image of the C60@SAC4A assembly (scale bar, 10 nm).
The stability of assembly is a fundamental factor. A DLS test was performed to observe the particle size changes of C60@SAC4A at different time points (Supplementary Figure S2). The C60@SAC4A assembly shows no significant changes in particle size within 7 days. These results proved that the C60@SAC4A assembly is stable in time. SAC4A is expected to be a supramolecular solubilizing agent to disperse fullerene in water.
ROS Generation of C60@SAC4A
The identification and research of ROS are crucial for the further development of photodynamic therapy based on fullerenes as photosensitizers. In order to see if it was a potential photodynamic agent, the ROS generation capacities of C60@SAC4A were investigated by a commercial indicator, 2,7-dichlorodihydrofluorescein (DCFH), that responds to general types of ROS (Zhuang et al., 2020). Upon exposure to LED irradiation, the nonemissive DCFH solution with C60@SAC4A exhibits increased fluorescence intensity, accomplishing approximately 35-fold enhancement within 1 min, while those of control groups under the same conditions are barely increased (Figure 4A). Additionally, γ-cyclodextrin–solubilized C60 (C60@γ-CD) was chosen as the positive control group, showing a little fluorescence increase under LED irradiation, due to the reactivity of C60 with O2 decreased when it was enclosed in the γ-CD cavity (Priyadarsini et al., 1994). Another possible reason is that the amount of cyclodextrin used for solubilization is much higher than that of calixarene, resulting that the cyclodextrin limits the contact between C60 and O2. Figure 4B showed the fluorescence response of DCFH to ROS treated with C60@SAC4A of different concentrations, suggesting that the peak intensity and the concentration of C60@SAC4A were increased in a concentration-dependent manner.
[image: Figure 4]FIGURE 4 | (A) Fluorescence response of DCFH to ROS treated with C60@SAC4A (8 μM for C60), SAC4A (10 μM), and C60@γ-CD (8 μM for C60) under LED irradiation for 1 min or no irradiation. (B) Fluorescence response of DCFH to ROS treated with C60@SAC4A of different concentrations under LED irradiation for 1 min.
Electron paramagnetic resonance (EPR) spectroscopy is one powerful method to identify short-lived ROS species (Zang et al., 1998). 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO) was used as a spin-trap agent to detect O2−•. Figure 5A shows the spectra obtained for DMPO/O2−• adduct, indicative of the generation of O2−• from C60@SAC4A under light and nicotinamide adenine dinucleotide (reduced, NADH, to mimic the strong reducing environment) conditions, namely, Type I ROS (Zhao et al., 2008). In the absence of either NADH or C60, there were no appreciable O2−• signals detected (Supplementary Figure S3A), showing that electron transfer processes induced by reducing agents are very significant for the generation of O2−• in aqueous systems (Yamakoshi et al., 2003). For the detection of 1O2, the EPR method with 2,2,6,6-tetramethyl-4-piperidone (TEMP) was employed. As shown in Figure 5B, the resultant EPR spectra displayed a typical 1:1:1 triplet signal, which is the characteristic resonance for TEMP/1O2 adduct, whereas no signal was detected in the control group containing SAC4A under the same condition (Supplementary Figure S3B), indicative of its good ability of Type II ROS (Yamakoshi et al., 2003). Based on the above evidence, it is consequently reasonable to draw a conclusion that C60@SAC4A followed both Type I and Type II pathways to generate ROS species, indicating that C60@SAC4A can be a promising candidate as a water-soluble supramolecular photosensitizer.
[image: Figure 5]FIGURE 5 | (A) EPR signals of DMPO (for Type I ROS detection) in the presence of C60@SAC4A (80 μM for C60) with NADH (5 mM) irradiated for 0, 30, or 60 s. (B) EPR signals of TEMP (for Type II ROS detection) in the presence of C60@SAC4A (80 μM for C60) irradiated for 0, 30, or 60 s.
CONCLUSION
In summary, SAC4A was synthesized and used to improve the water solubility of fullerene by host–guest complexation. Compared with SCnAs that are widely studied as classical water-soluble calixarene derivatives, SAC4A possesses the deeper cavity longitudinally and is more effective in solubilizing fullerene. The supramolecular nanoformulation C60@SAC4A generates ROS species effectively in both Type I and Type II pathways, indicative of a potential photodynamic agent. Calixarene is highly modifiable, and thus, a lot of water-soluble derivatives could be obtained to solubilize hydrophobic substances besides fullerenes. One important lesson from this work is that vertical expansion of cavity emerges to be a more powerful way than horizontal expansion to solubilize large hydrophobic species on account of the cone shape of calixarene.
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Two new di(2,2′-bipyridine) ligands, 2,6-bis([2,2′-bipyridin]-5-ylethynyl)pyridine (L1) and bis(4-([2,2′-bipyridin]-5-ylethynyl)phenyl)methane (L2) were synthesized and used to generate two metallosupramolecular [Fe2(L)3](BF4)4 cylinders. The ligands and cylinders were characterized using elemental analysis, electrospray ionization mass spectrometry, UV-vis, 1H-, 13C and DOSY nuclear magnetic resonance (NMR) spectroscopies. The molecular structures of the [Fe2(L)3](BF4)4 cylinders were confirmed using X-ray crystallography. Both the [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 complexes crystallized as racemic (rac) mixtures of the ΔΔ (P) and ΛΛ (M) helicates. However, 1H NMR spectra showed that in solution the larger [Fe2(L2)3](BF4)4 was a mixture of the rac-ΔΔ/ΛΛ and meso-ΔΛ isomers. The host-guest chemistry of the helicates, which both feature a central cavity, was examined with several small drug molecules. However, none of the potential guests were found to bind within the helicates. In vitro cytotoxicity assays demonstrated that both helicates were active against four cancer cell lines. The smaller [Fe2(L1)3](BF4)4 system displayed low μM activity against the HCT116 (IC50 = 7.1 ± 0.5 μM) and NCI-H460 (IC50 = 4.9 ± 0.4 μM) cancer cells. While the antiproliferative effects against all the cell lines examined were less than the well-known anticancer drug cisplatin, their modes of action would be expected to be very different.
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INTRODUCTION
Metallosupramolecular architectures (MSAs) are beginning to display a wide range of applications (Yoshizawa et al., 2009; Cook and Stang, 2015; Hong et al., 2018; Saha et al., 2018; Bardhan and Chand, 2019; Gao et al., 2019; Rizzuto et al., 2019; Percastegui et al., 2020) Largely inspired by the success of small molecule metallo-drugs (Hartinger and Dyson, 2009; Mjos and Orvig, 2014; Anthony et al., 2020; Boros et al., 2020; Frei, 2020; Frei et al., 2020; Steel et al., 2021b) there is a growing interest in biological applications of MSAs (Cook et al., 2013; Therrien, 2015; Pöthig and Casini, 2019; Sepehrpour et al., 2019; Samanta and Isaacs, 2020). Systems have been studied for their anti-cancer and anti-microbial activity and their potential as drug delivery agents. Helicates (Piguet et al., 1997; Albrecht, 2001; Hannon and Childs, 2004; Howson and Scott, 2011; Boiocchi and Fabbrizzi, 2014; Paneerselvam et al., 2018; Albrecht et al., 2019; Albrecht, 2020; Tran and Yoo, 2020) are one of the earlier known and well-studied sub-classes of MSAs. Lehn and co-workers reported the first helicates; a double-stranded dinuclear and larger trinuclear system were generated from poly(2,2′-bipyridine) ligands and Cu(I) ions (Lehn et al., 1987) Subsequently, single, triple, and quadruple stranded helicates have all been synthesized and these systems are chiral featuring P (plus, right-handed) and M (minus, left-handed) helices (Figure 1). Because of the structural relationship to helical natural materials such as DNA, α-helices and zinc fingers of proteins there has been considerable interest in the biological properties, of helicates. Early work by Lehn and co-workers showed that double-stranded helicates assembled from poly(2,2′-bipyridine) ligands and Cu(I) ions could bind to double stranded DNA (Schoentjes and Lehn, 1995). Others have examined DNA binding and nuclease activity (Childs et al., 2006), and the cytotoxicity of related double-stranded complexes (Holtze et al., 2006; Allison et al., 2018). In addition, quadruple-stranded helicates have been shown to be cytotoxic (Mcneill et al., 2015; Ahmedova et al., 2016a; Ahmedova et al., 2016b; Schmidt et al., 2016; Vasdev et al., 2018; Ahmedova et al., 2020) and in some cases the modes of action of the complexes have been studied (Mcneill et al., 2020).
[image: Figure 1]FIGURE 1 | Cartoon representations of the minus (M, ΛΛ), plus (P, ΔΔ) helicate isomers of a generic triple-stranded helicate and the chemical structure of the (1E,1′E)-N,N′-[methylenebis(4,1-phenylene)]bis[1-(pyridin-2-yl)methanimine] ligand (LPyim) developed by Hannon and co-workers (Hannon et al., 1997).
While there are only a few reports on the biological properties of double- and quadruple-stranded helicates, the related triple-stranded analogues have been extensively examined. These triply-stranded supramolecular structures are assembled from an octahedral metal ion and di(bidentate) linker ligands [M2L3]; this combination of building blocks can generate three isomeric complexes the chiral M (ΛΛ) and P (ΔΔ), and the meso (ΛΔ). Pioneering work by Hannon and co-workers described the synthesis of the first [Fe2(LPyim)3]4+ helicates (where LPyim = (1E,1′E)-N,N′-[methylenebis(4,1-phenylene)]bis[1-(pyridin-2-yl)methanimine, Figure 1] obtained from pyridylimine binding motifs, octahedral Fe(II) ions and a diphenylmethylene spacer unit (Hannon et al., 1997). The mechanical coupling exerted by the spacer unit meant that a racemic (rac) mixture of the M (ΛΛ) and P (ΔΔ) [M2(LPyim)3]4+ helicates (where M = Fe(II) or Ni(II)) was formed and the authors went on to show that the M and P helicates could be resolved by chiral chromatography (Hannon et al., 2001a). The interaction of the M− and P−[Fe2(LPyim)3]4+ helicates with DNA has been extensively examined. The complexes have been shown to bind in the major grove of duplex DNA (Moldrheim et al., 2002), and at the center of three-way DNA (Oleksi et al., 2006; Cerasino et al., 2007; Malina et al., 2007; Cardo et al., 2011) and RNA (Phongtongpasuk et al., 2013) junctions (3WJ). More recently, the [Fe2(LPyim)3]4+ helicates were also shown to bind to DNA and RNA bulges (Malina et al., 2014; Malina et al., 2016). Similar observations have been made with the related [M2(LPyim)3]4+ helicates [where M = Ru(II) or Ni(II)] (Cardo et al., 2018) and the Ni(II) and Fe(II) helicates have been demonstrated to interact with G-quadruplexes (Zhao et al., 2013; Zhao et al., 2016) and the β-amyloid polypeptide (Aβ) (Yu et al., 2012; Li et al., 2015). Furthermore, the interaction of the iron(II) helicate with duplex DNA induces intramolecular DNA coiling (Hannon et al., 2001b; Malina et al., 2008) and it has been shown to display anti-cancer (Hotze et al., 2008), anti-bacterial (Richards et al., 2009) and anti-fungal (Vellas et al., 2013) properties, but is not mutagenic or genotoxic. This remarkable range of biological properties has been obtained without investigating changes to either the metal binding (pyridylimine) or spacer units of the helicates, suggesting that the system could potentially be improved by further tuning of the molecular scaffold.
Building on the aforenoted work, Scott and co-workers developed an excellent method for the self-assembly of optically pure single diastereomer fac-[Fe(LpyimR)3]2+ (where LpyimR = functionalized pyridylimine ligand) complexes (Howson et al., 2009). The same group then exploited this method to synthesize enantiomerically pure Fe(II) and Zn(II) [M2(LpyimR)3]4+ helicates and flexicates which feature different spacer systems. Like the parent Hannon helicate, it has been shown that these new pyridylimine-based complexes have shown a diverse range of biological properties and some flexicates have impressive, tunable anti-microbial (Howson et al., 2012; Simpson et al., 2019) and anti-cancer (Brabec et al., 2013; Faulkner et al., 2014; Kaner and Scott, 2015; Kaner et al., 2016; Song et al., 2019; Song et al., 2020) properties. The interactions of this more diverse family of helicates with DNA/RNA (Song et al., 2021) and proteins (Li et al., 2014) have also been examined and the systems show structure-dependent binding to duplex DNA (Brabec et al., 2013; Malina et al., 2015b), G-quadruplexes (Zhao et al., 2017; Zhao et al., 2018), 3WJ and 4WJ (Brabec et al., 2013), and bulges (Malina et al., 2015a; Hrabina et al., 2020).
The success of the pyridylimine [M2L3]4+ helicates discussed above has inspired others to examine the biological properties of related [M2L3]4+ triply-stranded helicates. For example, we have explored the use of small families of di(2-pyridyl-1,2,3-triazole) ligands (Ldipytri) to generate Fe(II), Ru(II), and Co(III) helicates (Vellas et al., 2013; Kumar et al., 2015; Vasdev et al., 2016). The biological properties of the Fe(II) and Ru(II) systems were poor but the more robust Co(III) helicates were shown to bind to and condense DNA and in addition displayed good anticancer activity (Crlikova et al., 2020). Di(2,2′-bipyridine) ligands (Glasson et al., 2008; Glasson et al., 2011a; Glasson et al., 2011b) have also been used to generate [M2L3]4+ triple-stranded helicates and recently Vázquez and co-workers have examined the DNA binding and cytotoxicity of some peptide linked [M2L3]4+ helicates [where M = Fe(II) or Co(III)] (Gamba et al., 2014; Gómez-González et al., 2018; Gomez-Gonzalez et al., 2021).
Given the well demonstrated ability of [M2L3]4+ helicates to bind to DNA/RNA and proteins and their potential to be used as targeted therapeutics, we herein report the synthesis of two new di(2,2′-bipyridine) ligands, 2,6-bis([2,2′-bipyridin]-5-ylethynyl)-pyridine (L1) and bis(4-([2,2′-bipyridin]-5-ylethynyl)phenyl)-methane (L2) and their use in the assembly of two new triple-stranded [Fe2L3]X4 helicates (X = BF4−, OTf− or Cl−). Moreover, due the presence of a central cavity in both the [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 helicates, we also report our examination of the host-guest properties of these systems with some small molecule drugs and our studies of the anti-cancer activity of the complexes.
RESULTS AND DISCUSSION
The new di(2,2′-bipyridine) ligands, 2,6-bis([2,2′-bipyridin]-5-ylethynyl)-pyridine (L1) and bis(4-([2,2′-bipyridin]-5-ylethynyl)-phenyl)methane (L2) were synthesized from 5-ethynyl-2,2′-bipyridine (Grosshenny et al., 1997) and either 2,5-dibromopyridine or bis(4-iodophenyl)methane (Austin et al., 1981) using standard Sonogashira cross-coupling conditions (Supplementary Material) and were obtained in modest yields (L1 = 51% and L2 = 61%). The ligands were characterized using 1H nuclear magnetic resonance (NMR), 13C{1H} NMR, electrospray ionization mass spectrometry (ESIMS) and elemental analysis (Supplementary Figures S1–S4).
The [Fe2(L)3](BF4)4 helicates were synthesised by combining either L1 or L2 (3 equiv.) with [Fe(H2O)6](BF4)2 (2 equiv.) in acetonitrile at 65°C (Scheme 1 and Supplementary Material). The ligands were initially insoluble in the reaction mixture, however, after 5 min the ligands dissolved and deep red solutions (λmax = 545 or 547 nm, respectively) were obtained. The resulting Fe(II) complexes were purified by recrystallization (vapour diffusion of diethyl ether into a nitromethane solution) and deep red crystals were isolated in good yields (89% for [Fe2(L1)3](BF4)4 and 77% for [Fe2(L2)3](BF4)4). The complexes were characterised by 1H NMR, 13C{1H} NMR, 1H DOSY NMR, UV-vis spectroscopy, ESIMS, and X-ray crystallography (Supplementary Material).
[image: Scheme 1]SCHEME 1 | Cartoon representation of the synthesis of the triply-stranded metallo-cylinders [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4. The complexes were synthesized by combining L1 or L2 (3 equiv.) with [Fe(H2O)6](BF4)2 (2 equiv.), CH3CN, 65°C, 16 h. Bottom: inset showing the structures of L1 and L2.
The ESIMS data obtained for the two complexes displayed a major peak consistent with the corresponding [Fe2L3]4+ cation (m/z = 354.5886 [Fe2(L1)3]4+ and m/z = 421.3972 m/z [Fe2(L2)3]4+, respectively) suggestive of the formation of the expected triple-stranded helicates (Figure, Supplementary Figures S7, S10). The 1H DOSY NMR spectra (500 MHz, CD3CN, 298 K) of [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 were collected, and all the proton resonances displayed the same diffusion coefficients (6.51 ± 0.03 × 10−10 m2 s−1 and 5.40 ± 0.10 × 10−10 m2 s−1, respectively) suggesting that a single metallosupramolecular architecture or mixtures of isomeric architectures were obtained (Supplementary Figures S11, S12). In addition, the observed diffusion coefficients were similar to those found for some related [Fe2(Ldipytri)3]4+ metallo-cylinders (Vellas et al., 2013) providing further support for the formation of the desired triple-stranded helicates.
The 1H NMR spectra (500 MHz, CD3CN, 298 K) for the complexes of L1 and L2 were significantly distinct (Figure 2; Supplementary Material). The spectrum of [Fe2(L1)3](BF4)4 displayed nine sharp resonances in the aromatic region (δ = 8.5−7.0 ppm) consistent with the formation of a racemic (rac) mixture of the helical [Fe2(L1)3]4+ isomers, P = ΔΔ and M = ΛΛ. Conversely, the 1H NMR spectrum of [Fe2(L2)3](BF4)4 was more complex with several broad overlapping resonances in the aromatic region. However, the methylene protons of the spacer backbone (Hj,δ = 4.0−3.8 ppm) were clearly split into two distinct resonances; a singlet and an AB quartet. This suggests that in solution [Fe2(L2)3](BF4)4 forms a mixture of helicate rac-ΔΔ/ΛΛ and mesocate meso-ΔΛ isomers. Others (Goetz and Kruger, 2006; Vellas et al., 2013) have observed this behavior in solution with related [Fe2L3]4+ systems that feature the diphenylmethylene spacer unit. This is in contrast to observations with the pyridyl imine helicate, [Fe2(LPyim)3]4+ of Hannon and co-workers (Hannon et al., 1997). Those helicates have the same spacer unit and are found to exclusively form rac-helicates in solution and the solid state. The difference appears to be related to the larger size of [Fe2(L2)3]4+ compared to [Fe2(LPyim)3]4+. In [Fe2(LPyim)3]4+, the aryl rings of the spacer unit are in close contact and interdigitate, mechanically locking the complex into the helical arrangement. The larger size of L2 lessens this steric interdigitation of the spacer aryl groups, therefore making the mesocate arrangement more energetically accessible.
[image: Figure 2]FIGURE 2 | X-ray structures showing the overlaid stick and spacefill representations of [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 with related partial 1H NMR spectra (500 MHz, CD3CN, 298 K) and associated ESI-mass spectra. Fe-Fe distances; [Fe2(L1)3](BF4)4 = 14.2 Å, [Fe2(L2)3](BF4)4 = 19.1 Å. Solvent molecules and counter anions were omitted for clarity.
The molecular structures of [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 were confirmed by X-ray crystallography with crystals grown by slow vapour diffusion of diethyl ether into nitromethane solutions (Figure 2, Supplementary Figures S27, S28). The [Fe2(L1)3](BF4)4 structure was solved in the P[image: image]space group and the asymmetric unit contains two iron ions, three L1 ligands, four tetrafluoroborate anions and two nitromethane solvent molecules. Each iron(II) ion is coordinated to three bipy units generating a triple-stranded helicate architecture. The Fe-Fe distance of 14.2 Å confirmed that the system is elongated in comparison to the parent Hannon helicate. The compound crystallized as a racemic mixture in the solid state with both the ΔΔ (P) and ΛΛ (M) isomers (see the structural representations in Figure 2) present in the crystal.
The [Fe2(L2)3](BF4)4 structure was solved in the P21/n space group and the asymmetric unit was occupied by one [Fe2(L2)3]4+ unit, two tetrafluoroborate anions and seven co-crystallized nitromethane molecules. [Fe2(L2)3](BF4)4 was shown to crystallize as a rac mixture of the ΔΔ (P) and ΛΛ (M) helicates. The meso-form detected in solution by 1H NMR spectroscopy was not observed in the solid state, presumably due to crystal packing effects (Vellas et al., 2013). The combination of the two 5-ethynyl-2,2′-bipyridine units and the diphenylmethylene spacer in L2 led to a large Fe-Fe distance (19.1 Å) in [Fe2(L2)3](BF4)4. The metallo-architectures of both [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 displayed a clear central cavity and notable π surfaces available for potential host-guest interactions (Figure 2; Supplementary Material).
MSA cage systems have been used extensively as hosts for small molecule guests (Yoshizawa et al., 2009; Cook and Stang, 2015; Hong et al., 2018; Saha et al., 2018; Bardhan and Chand, 2019; Gao et al., 2019; Rizzuto et al., 2019; Percastegui et al., 2020). In contrast, the use of [Fe2L3]4+ helicate architectures as hosts is far less common, presumably because the vast majority of reported MSAs do not contain a central cavity. Recently, there have been a few reports of guest binding [anions (Goetz and Kruger, 2006; Cui et al., 2012), sugars (Yang et al., 2021) and small aromatic molecules (Fazio et al., 2018; Jiang et al., 2019)] within [Fe2L3]4+ helicates that feature small cavities. As the cavities of the [Fe2(L1)3]4+ and [Fe2(L2)3]4+ helicates are both lined by functional groups that could interact with guests through either hydrogen bonding or π-interactions, we sought out some small drug molecules that could potentially interact with the helicates using those non-covalent interactions. Therefore, the guest molecules 1,4-benzoquinone, nalidixic acid, acridine (as an analogue of proflavine), cisplatin and 5-fluorouracil were selected as they are either known or analogues of known anticancer and antibacterial drugs (Figure 3; Supplementary Material). The host-guest (HG) interactions were examined using 1H NMR spectroscopy and ESIMS. One of the potential guest molecules (2 equiv.) was combined with one of the helicates (1 equiv.) in CD3CN at 298 K and the 1H NMR spectrum acquired (Supplementary Material). 1H NMR spectra of the host-guest mixtures were then compared to the 1H NMR spectra of the corresponding “free” host and guest compounds (Supplementary Figures S23, S24). Disappointingly, no complexation induced shifts were observed for either the host or the guest resonances suggesting that none of the guests bound within the cavities of the helicates. Molecular models (SPARTAN16, MMFF, Supplementary Figures S25, S26) showed that there are no obvious steric interactions that would prevent host-guest formation for the majority of the examined HG pairs. Thus, the lack of guest binding in the cases examined appears to be due to the absence of the correct combination of complementary non-covalent and solvaphobic interactions. Additionally, the BF4− counter-anions may be competing for the cavity as has been observed in other cationic MSA systems (August et al., 2016).
[image: Figure 3]FIGURE 3 | Guest molecules examined in the host-guest study with the helicates.
Related [Fe2L3]4+ helicates have shown excellent anticancer activity (Song et al., 2021). Therefore, we examined the cytotoxicity of [Fe2(L1)3]4+ and [Fe2(L2)3]4+ against a panel of cancer cell lines. As the [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 complexes were only soluble in polar organic solvents (DMSO, CH3CN, CH3NO2, and acetone) we attempted to render the helicates water soluble by exchanging the BF4− counter anions with Cl− or OTf− (Supplementary Material). While we were able to generate the new [Fe2(L1)3](X)4 and [Fe2(L2)3](X)4 (where X = Cl−, OTf−) salts, they proved even less soluble than the original BF4− salts. The OTf− salts were soluble in CH3CN and DMSO, however, the Cl− salts were only soluble in DMSO with none of the systems showing any appreciable water solubility (Supplementary Figures S18–S21). Due to these complications, we carried out the cytotoxicity experiments with [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 dissolved in DMSO and these solutions were then diluted with biological media to the required concentrations.
Due to the modest water solubility of many drug candidates, it is common to use DMSO to solubilize compounds for cytotoxicity experiments. However, it is also well known that DMSO can displace coordinated ligands and decompose metal complexes (Patra et al., 2013; Vellas et al., 2013; Hall et al., 2014; Huang et al., 2017). Therefore, the stability of the helicates in neat DMSO and a 1:19 v/v DMSO:water mixture was examined before carrying out the cytotoxicity experiments. The stabilities of [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 in these solvents were monitored using 1H NMR and UV-vis spectroscopy (Supplementary Figures S14, S15). Both complexes completely decomposed (ca. 3 h for [Fe2(L1)3](BF4)4 and 24 h for [Fe2(L2)3](BF4)4) in neat DMSO liberating the free ligands and presumably forming [Fe(DMSO)6]2+ (White et al., 2007).
The helicates were more long lived in 1:19 v/v DMSO:water mixtures. A 72 h UV-visible stability study of [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 in 1:19 v/v DMSO:water was conducted to replicate the timeframe of the biological testing (Supplementary Figures S16, S17). Interestingly, the smaller [Fe2(L1)3](BF4)4 showed no signs of decomposition (within the uncertainty of the measurement) whereas the larger [Fe2(L2)3](BF4)4 did slowly degrade, approximately 43% of the [Fe2(L2)3](BF4)4 was still present in solution after 72 h. Given the moderate to good stability of the helicates under conditions similar to those required for the cytotoxicity assay we proceeded to measure the in vitro antiproliferative activity of the compounds.
The ligands (L1 and L2) and helicates [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 were subjected to the sulforhodamine B cytotoxicity assay in the human cancer cell lines HCT116 (colorectal carcinoma), NCI-H460 (non-small cell lung carcinoma), SiHa (cervical carcinoma), and SW480 (colon adenocarcinoma) (Table 1). L1 and L2 proved to be insoluble under the conditions of the experiments, and therefore their antiproliferative activity could not be determined (Table 1). The helicates [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 were both active in vitro against all the cancer cells tested. The smaller [Fe2(L1)3](BF4)4 was more active than [Fe2(L2)3](BF4)4 against all the cell lines examined, and displayed low μM activity against HCT116 (IC50 = 7.1 ± 0.5 μM) and NCI-H460 (IC50 = 4.9 ± 0.4 μM) cancer cells. Unfortunately, direct comparisons with the previously studied isostructural helicates [Fe2(LPyim)3]4+ and [Fe(LpyimR)3]2+ are difficult as their cytotoxicity was determined with different cell lines. However, the low μM activity observed for [Fe2(L1)3](BF4)4 suggests that it could be more active than the [Fe2(LPyim)3]4+ helicates (IC50 values ranged from 19–52 μM, despite having been determined in different cell lines) (Hotze et al., 2008). The observed activity of [Fe2(L1)3](BF4)4 is similar in magnitude to that found by Scott et al. for their family of [Fe2(LpyimR)3]2+ helicates (Song et al., 2021). However, the [Fe2(LpyimR)3]2+ systems are more effective overall with some of that family displaying nanomolar activities (Kaner et al., 2016; Song et al., 2020). We have recently studied the cytotoxicity of a small family of dimetallic organometallic (Ru, Rh, Os, and Ir) complexes (Steel et al., 2021a) of LPyim against the same series of cell lines enabling a more direct comparison (Table 1). Both helicates displayed better activity than the dimetallic complexes and LPyim across the range of cell lines. Presumably the higher activity of the helicates is associated with the different molecular shape and higher charge. While the in vitro activity of the [Fe2(L1)3](BF4)4 helicate is promising we note that the widely used anti-cancer drug cisplatin is more active in all the cell lines examined (Table 1). However, the mode of action of this covalent DNA binder, in comparison to supramolecular structures that are more likely to form non-covalent interactions with biological targets, will be very different, making any direct comparison difficult.
TABLE 1 | IC50 values (µM) for L1 and L2 and the iron(II) cylinders against HCT116 (human colorectal carcinoma), NCI-H460 (human non-small cell lung carcinoma), SiHa (human cervical carcinoma), and SW480 (human colon adenocarcinoma) cancer cells as compared to cisplatin, expressed as mean ± standard error (n = 3, incubation period 72 h).
[image: Table 1]CONCLUSION
Two new di(2,2′-bipyridine) ligands, 2,6-bis([2,2′-bipyridin]-5-ylethynyl)-pyridine (L1) and bis(4-([2,2′-bipyridin]-5-ylethynyl)-phenyl)methane (L2) were synthesized and exploited to generate two triple-stranded metallo-cylinders, [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4. The ligands and cylinders were characterized by elemental analysis, ESIMS and UV-vis, 1H−, 13C−, and DOSY-NMR spectroscopies. The molecular structures of the [Fe2L3](BF4)4 cylinders were confirmed using X-ray crystallography. Both [Fe2(L1)3](BF4)4 and [Fe2(L2)3](BF4)4 crystallized as racemic (rac) mixtures of the ΔΔ (P) and ΛΛ (M) helicates. NMR spectroscopy and ESIMS confirmed the presence of the [Fe2L3]4+ supramolecular architectures in solution. However, 1H NMR spectra showed that in solution the larger [Fe2(L2)3](BF4)4 was present as a mixture of the rac-ΔΔ/ΛΛ and meso-ΔΛ isomers. The host-guest chemistry of the helicates, which both feature an accessible central cavity, was examined with several small drug molecules, including cisplatin and 5-fluorouracil. However, none of the potential guests were found to bind within the helicates, despite molecular modelling confirming that there were no obvious steric impediments to the interaction. Cytotoxicity assays demonstrated that both helicates were active against the four cell lines examined. The smaller rac-[Fe2(L1)3](BF4)4 helicate was more cytotoxic than the larger rac/meso-[Fe2(L2)3](BF4)4 analogue and displayed promising low μM antiproliferative activity against HCT116 (IC50 = 7.1 ± 0.5 μM) and NCI-H460 (IC50 = 4.9 ± 0.4 μM) human cancer cells. Although both helicates were less active than the widely used anti-cancer drug cisplatin, these results suggest that helicates constructed from di(2,2′-bipyridine) ligands have potential as anti-cancer agents in their own right. The combination of a cytotoxic supramolecular structure with encapsulated drugs may result in synergistic activity. However, the poor aqueous solubility and modest stability in biological media of the current [Fe2(L1)3](BF4)4 helicates means that the properties of these compounds will need to be fine-tuned to overcome these shortfalls. This could potentially be achieved by using more kinetically inert metal ions such as Ru(II) (Glasson et al., 2008; Kumar et al., 2015) or Co(III) (Symmers et al., 2015; Burke et al., 2018; Crlikova et al., 2020) to assemble the helicates.
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In the original article, there was a mistake in Figure 1 as published. The N positions of the pyridines in the ligand structure are incorrect. The corrected Figure 1 appears below.
The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
[image: Figure 1]FIGURE 1 | Cartoon representations of the minus (M, ΛΛ), plus (P, ΔΔ) helicate isomers of a generic triple-stranded helicate and the chemical structure of the (1E,1′E)-N,N′-[methylenebis(4,1-phenylene)]bis[1-(pyridin-2-yl)methanimine] ligand (LPyim) developed by Hannon and co-workers (Hannon et al., 1997).
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Several new chiral pillar[4]arene[1]quinone derivatives were synthesized by reacting pillar[4]arene[1]quinone (EtP4Q1), containing four 1,4-diethoxybenzene units and one benzoquinone unit, with various chiral amines via Michael addition. Due to the direct introduction of chiral substituents on the rim of pillar[n]arene and the close location of the chiral center to the rim of EtP4Q1, the newly prepared compounds showed unique chiroptical properties without complicated chiral resolution processes, and unprecedented high anisotropy factor of up to −0.018 at the charge transfer absorption band was observed. Intriguingly, the benzene sidearm attached pillar[4]arene[1]quinone derivative 1a showed solvent- and complexation-driven chirality inversion. This work provides a promising potential for absolute asymmetric synthesis of pillararene-based derivatives.
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INTRODUCTION
Manipulating molecular chirality, being in the core position of contemporary chemical science (Zhang et al., 2014), has been attracting significant attention not only from the point of view of the fundamental science but also the potential applications such as chiral recognition, asymmetry catalysis, and chiral switches (Zhou and Tang, 2005; Goldup, 2016; Gao et al., 2017; Xing and Zhao, 2018; Corra et al., 2019; Yao et al., 2021b). On the other hand, supramolecular chiral photochemistry, which arises from the chiral spatial arrangement of noncovalently involved components in assemblies (Crassous, 2009), has received booming development in recent years due to their close correlation with many natural and artificial systems and a wide range of potential applications (Jung et al., 2001; Nakashima et al., 2001; Borovkov et al., 2003a; Hembury et al., 2008; Yang and Inoue, 2014; Chen et al., 2015; Liu et al., 2015; Wang X. et al., 2020). Compared with molecular chirality, the supramolecular chirality is more attractive in terms of their regulatability by the external conditions such as temperature (Yao et al., 2017; Fan et al., 2019), pH (Kanagaraj et al., 2020; Liang et al., 2020; Hao et al., 2021), redox (Xiao et al., 2020), light (De Poli et al., 2016), chemical additives (Lee et al., 2018), pressure (Yao et al., 2021a), and solvents (Borovkov et al., 2003b; Fan et al., 2019). Pillar[n]arenes (Ogoshi et al., 2008; Xue et al., 2012; Pan et al., 2015; Fan et al., 2016; Jie et al., 2018; Lv et al., 2018; Li G. et al., 2019; Xiao et al., 2019; Ji et al., 2020a; Lou and Yang, 2020; Mi et al., 2020; Liu et al., 2021; Peng et al., 2021), as a relatively new class of synthetic macrocyclic hosts with some unique properties (Guo et al., (2018); Lai et al., (2019); Liu et al., (2019); Wang et al., (2021), have proved to be an ideal platform to construct unimolecular chirality based on different external stimuli-driven. We have demonstrated that the chirality of pillar[n]arene derivatives could be manipulated by external stimuli, including temperature, redox, light, and pressure (Yao et al., 2017; Xiao et al., 2020; Yao et al., 2021a; Yao et al., 2021b). The synthetic approaches for obtaining chiral pillar[5]arenes include introducing chiral or bulky groups on the openings, fusing a side ring onto one subunit, or threading with an axle to block the interconversion between Sp and Rp conformers (Ogoshi et al., 2011; Chen et al., 2013; Strutt et al., 2014b; Shurpik et al., 2016; Li Q. et al., 2019; Ma et al., 2019; Zhang et al., 2019). However, pillar[5]arenes’ planar-chiral Sp and Rp enantiomers need to be separated by HPLC enantio-resolution of the racemic mixture to study their chiroptical properties. Synthesis of chiral pillar[5]arenes without the complicated chiral resolution processes should be more convenient and valuable for studying supramolecular chirality switching. It has been reported that 1,4-benzoquinone undergoes the Michael addition reaction with aliphatic or aromatic amines to selectively afford 2,5-bis(alkyl/arylamino)-1,4-benzoquinones (Almeida Barbosa et al., 2010; Strutt et al., 2014a; Li et al., 2018; Kiruthika et al., 2020; Li et al., 2020). In this work, we report the synthesis of several new chiral pillar[4]arene[1]quinone derivatives and their unique chiroptical properties. We report the synthesis of several new pillar[4]arene[1]quinone derivatives by attaching chiral amines onto the quinone ring of EtP4Q1. Homochiral compounds were obtained in moderate to good separate yield without complicated HPLC chiral resolution. These compounds showed unique chiroptical properties with unprecedented high anisotropy g factor of up to −0.018 at the charge transfer absorption band; moreover, the benzene sidearm attached pillar[4]arene[1]quinone derivative 1a showed solvent- and complexation-driven chirality inversion.
EXPERIMENT
Compounds
A general reaction scheme for the synthesis of chiral pillar[4]arene[1]quinone derivatives is shown in Scheme 1. Diethyl hydroquinone ether–based pillar[5]arene (DEP5) was synthesized according to the literature procedure (Ogoshi et al., 2010). Pillar[4]arene[1]quinone (EtP4Q1), in which a benzoquinone unit replaces a diethoxybenzene unit in DEP5, was synthesized by partial oxidation with ammonium cerium nitrate, following a modified version of the literature procedure (Han et al., 2012). The reactions of the achiral EtP4Q1 with chiral amines were carried out in ethanol at 75°C in an oil bath for 24 h (Almeida Barbosa et al., 2010; Li et al., 2018). After the solvent was removed under vacuum, the residue was purified by silica gel flash column chromatography using ethyl acetate/petroleum ether as the eluent to give the desired target product (see the supplementary file for detailed experimental procedures and characterizations).
Materials and Instruments
Unless otherwise noted, all reagents and materials were commercially available and used without further purification. 1H NMR was recorded in a CDCl3 solution at room temperature on Bruker AMX-400 (operating at 400 MHz for 1HNMR), and all chemical shifts are reported in ppm with TMS as the internal standard. HRMS data were measured with a Waters Q-TOF Premier instrument. UV-vis spectra were obtained on a JASCO V650 spectrometer at room temperature. Circular dichroism spectra were recorded on a JASCO J-1500 spectrometer, and the obtained data were analyzed using ORIGIN 9.0 software.
RESULTS AND DISCUSSION
Synthesis of 1a/1b and 2a/2b
1,4-Benzoquinones were known to undergo the Michael addition reaction with organic amines to give 2,5-bis(amino)-1,4-benzoquinones (Almeida Barbosa et al., 2010). Huang and coworkers demonstrated that pillar[4]arene[1]quinone could physically adsorb organic amines in the solid-state, which underwent in situ Michael addition by elevating the temperature to realize so-called solid–vapor post-synthetic modification (Li et al., 2018). In general, pillar[n]arene derivatives have a pair of planar chiral enantiomeric conformers, which could interconvert through the “oxygen-through-the-annulus” rotation. The attachment of bulky groups on the rims of pillar[n]arene could block the interconversion and lead to a pair of separable enantiomers. The same could be realized by introducing a side ring or threading an axle. Enantiopure pillar[n]arene derivatives showed extremely strong chiroptical properties at the absorption band of hydroquinone ethers due to the inter-ring unit exciton coupling effect. Direct introduction of chiral substituents on the rim of pillar[n]arene could also lead to chiral pillar[n]arene derivatives (Ogoshi et al., 2011; Strutt et al., 2012; Chen et al., 2013; Strutt et al., 2014b; Shurpik et al., 2016; Li Q. et al., 2019; Ma et al., 2019; Zhang et al., 2019). However, the chiral substituents are far away from the aromatic rings in distances and usually show weak chiroptical induction. EtP4Q1 showed brown charge transfer absorption. The Michael addition reaction allows chiral amines to be introduced onto the quinone ring directly, and we envisioned that the chiral EtP4Q1 should offer unique chiroptical properties differing from other chiral pillar[5]arene derivatives. EtP4Q1 was reacted with chiral (R)-(+)-α-methylbenzylamine (Scheme 1) in ethanol, which led to two brown products in 15 and 33% yields, respectively, which were demonstrated to be the mono- (1a) and di-substituted (1b) products, respectively, based on the NMR and HRMS analyses. The same was true in the reaction of (R)-2-aminohexane, which gave the mono- and di-substituted products 2a and 2b, respectively, after the silica gel chromatography separation.
[image: Scheme 1]SCHEME 1 | Synthetic routes of chiral amine-bearing pillar[4]arene[1]quinones.
UV-Vis Spectral Studies
The UV-vis spectra of chiral amine-substituted pillar[4]arene[1]quinones were measured in chloroform at 25°C. EtP4Q1 showed a sharp absorption peak at 294 nm and a broad absorption at the visible range (Figure 1), assignable to the transitions of hydroquinone ether units and the intramolecular charge transfer, respectively (Mi et al., 2020; Mi et al., 2021). The UV-vis spectra of the mono-substituted pillar[4]arene[1]quinone derivatives 1b and 2b exhibited two major transitions, showing a weak broad absorption that tailed to 400–700 nm, which is assignable to a CT transition. Similar to that of EtP4Q1, the strong absorption that peaked at ca. 300 nm could be ascribed to the absorption of the hydroquinone units. Interestingly, 1a and 2a showed two intensive peaks in the UV range and a broad absorption at 450–700 nm that is bathochromic shifted with a concomitant decrease in intensity compared to those of 1b and 2b. The attenuated CT interaction of 1a and 2a could be presumably ascribed to the reduced electron withdraw property of the benzoquinone ring when substituted with two amino substituents, which weakened the intramolecular CT interactions. An independent spectral titration for the intermolecular complexation between EtP4Q1 and (R)-(+)-α-methylbenzylamine, by increasing the concentration of (R)-(+)-α-methylbenzylamine, was carried out in CHL at 25°C (ESI, Supplementary Figure S13). It turned out that the addition of (R)-(+)-α-methylbenzylamine to a solution of EtP4Q1 did not lead to new absorption in the wavelengths range of 300–400 nm and visible region in the UV-vis spectroscopy, demonstrating that the new absorptions originated from the conjugation of the chiral amine-substituent in the quinone ring.
[image: Figure 1]FIGURE 1 | UV-vis absorption spectra of EtP4Q1-derivated compounds in chloroform solution (50 μM).
Weak ground-state intermolecular interactions, including CT, should be significantly affected by environmental factors such as solvent polarity, temperature, and so on (Saito et al., 2004). We have demonstrated that intermolecular supramolecular interactions can be effectively manipulated by adjusting the environmental effectors, including temperature or solvent (Ji et al., 2020b). As illustrated in Figure 2, the solvent-dependent UV-vis absorption spectra of 1a revealed the CT transition was not restricted to chloroform solution but rather could be observed in various solvents. Moreover, the absorption spectra of the 1a (50 μM), being measured in chloroform at various temperatures (Supplementary Figure S14), showed inconspicuous temperature-dependent behavior of the CT band, confirming that the intramolecular CT dominate in the macrocyclic structure.
[image: Figure 2]FIGURE 2 | Normalized UV-vis absorption spectra of 1a compound in various solvents (50 μM).
Chiroptical Properties of the Macrocyclic Compounds
As mentioned above, pillar[5]arene derivatives possess a pair of enantiomeric conformers, and in general, they adapt per-Rp (Rp, Rp, Rp, Rp, and Rp) or per-Sp (Sp, Sp, Sp, Sp, and Sp) configurations to avoid inter-subunit steric repulsion. We have demonstrated that Rp and Sp conformers gave intensive positive and negative circular dichromism (CD) signals, respectively, at the extrema around 310 nm. The Rp and Sp conformers usually have an equal population (Yao et al., 2017; Xiao et al., 2020). Such conformational equilibrium could be broken by the complexation of a chiral guest to induce CD response, and thus being applied to chiral sensing (Ji et al., 2020a; Chen et al., 2020). In the chiral amine-substituted EtP4Q1 derivatives, the chiral aliphatic amine or aromatic amine is anchored on the quinone subunit, with the chiral center located close to the rim of EtP4Q1, which was expected to significantly influence the chiroptical properties. CD spectra of 1a/1b and 2a/2b were measured at 25°C in chloroform to study the chiroptical properties (Figure 3). Negative Cotton effects at around 300 nm were observed for 1a, 1b, 2a, and 2b, assignable to the π-π* transition of hydroquinone units, which indicated that the hydroquinone units arranged in Sp configurations in the presence of the chiral amine group.
[image: Figure 3]FIGURE 3 | Circular dichroism and UV-vis absorption spectra of EtP4Q1-derivated compounds (100 μM) in CHL solution (A) 1a; (B) 1b; (C) 2a; (D) 2b.
Despite the CD signals at 310 nm, new Cotton effects appeared in the region of 300–400 nm of 1a and 2a, which could be ascribed to the transition of 2,5-bis(alkyl/arylamino)-1,4-benzoquinones (Martini and Nachod, 1951; Li et al., 2020). In addition, strong Cotton effects in CT transition in the wavelength region of 400–700 nm were observed (Wang H. J. et al., 2020). In particular, the g factor of up to −0.018 was observed with 1a, which, to our knowledge, is the largest g factor ever reported for CT transition (Mori and Inoue, 2005; Mori et al., 2006).
The effect of solvents on the planar chirality of 1a was investigated. We have demonstrated that negative CD extrema at ca. 310 nm corresponds to Sp configuration of pillar[n]arenes, and vice versa for the Rp configuration(Yao et al., 2017; Xiao et al., 2020). The strong CD spectra observed with these chiral EtP4Q1 derivatives suggested an unequal population of chiral conformers. We expected that variation of environmental conditions might switch the equilibrium of conformers and thus cause chiroptical change. Indeed, 1a exhibits negative CDex in most of the solvents examined, including hexane, acetonitrile, decahydronaphthalene, chloroform, methanol, and THF (Figure 4A), suggesting the Sp configuration dominate in these solvents. However, the CDex at ca. 300 nm was inverted in sign accompanying by a hypochromic shift to give positive CDex in 1,2-dichloroethane and dichloromethane, indicating inversion of planar chirality to Rp. This result revealed that the relative stability between diastereomeric conformers could be significantly changed by the solvent. The following two aspects were responsible for the chiroptical switching process. The solvation of the chiral amine will cause significant steric interaction between solvent molecules surrounding the chiral amine substituents and hydroquinone ether units to thus critically affect the chiral arrangement of hydroquinone subunits. Also, DCM and 1,2-DCE were known to complex with pillar[5]arene derivatives, which will push the sidearms of the chiral amine towards the outside of the cavity. Indeed, NMR titration experiments of compound 1a in CDCl3 upon adding different potions of 1,2-DCE showed that the proton signals of chiral amine significantly shifted downfield and the aromatic protons in pillar[5]arene become broad first and then separated into multiple peaks, when added more than 8% 1,2-DCE (Supplementary Figure S26). The chiral center that is closely located at the opening of the macrocyclic ring played an important role in the chiral inversion behavior. Solvent-dependent chiroptical changes were also observed with 1b (Supplementary Figure S20).
[image: Figure 4]FIGURE 4 | (A) CD spectra of 1a (50 μM) in various solvents at 25°C. Key: n-H, n-hexane; DECA, decalin; DCM, dichloromethane; THF, tetrahydrofuran; 1,2-DCE, 1,2-dichloroethane; CHL, chloroform; AN, acetonitrile and MeOH, methanol. (B) CD spectra of 1a (50 μM) in chloroform solvents by adding 1,4-dicyanobutane (1,4-DCB) at 25°C.
The complexation-driven chiral optical switching has also been observed with bicyclic pillar[5]arene derivatives due to the exclusion of the side ring by the complexation of a guest molecule (Yao et al., 2017; Fan et al., 2019; Xiao et al., 2020). We found that stereoinversion with a sign-switching of CDex from negative to positive was induced by the addition of 1,4-dicyanobutane (1,4-DCB), a strong P[5] cavity binder (Shu et al., 2012), to 1a in chloroform (Figure 4B; Supplementary Figures S24, S25).
This is consistent with the chiral inversion phenomenon observed in the solvents of DCM and 1,2-DCE, further suggesting that the benzene ring of the chiral amine is located toward the inside of the cavity. The bulky and rigid benzene ring should cause significant steric repulsion with the complexed 1,4-DCB, when directing inside the cavity to lead to conformational inversion. This conclusion could be supported by the fact that the originally negative CDex intensity in dichloromethane was further enhanced rather than inverted upon the gradual addition of 1,4-DCB to a solution of 1a (Supplementary Figure S23). However, for 2a and 2b, which possess aliphatic sidearms, no solvent-/complexation-driven Sp to Rp chirality switching could be observed (ESI, Supplementary Figures S21, S22). We ascribe this to the flexible aliphatic sidearm in 2a/2b, which will not bring significant steric interaction with the complexed guest/solvent molecules.
We have demonstrated that temperature variation could also cause chiroptical switching of bicyclic pillar[n]arenes due to the relatively large entropy changes between the self-included and self-excluded conformations. Variation temperature CD of 1a was measured in different solvents, which, however, showed only the intensity’s variation to a certain extent (ESI, Supplementary Figures S16–S19) while the CD sign was never inverted. Similar was true with other chiral EtP4Q1 derivatives, suggesting a small entropy difference between diastereomeric conformers.
CONCLUSION
In summary, we synthesized a series of new chiral amines functionalized pillar[4]arene[1]quinones, which showed unique chiroptical properties. In particular, 1a showed strong CD signals at the CT absorption band with an unprecedented high anisotropy g factor of up to −0.018. Interestingly, we found that the pillar[4]arene[1]quinone having a benzene sidearm showed solvent- and complexation-driven chirality inversion, while no chirality inversion could be observed with the analogs having aliphatic sidearm. The present results opened a new window for synthesizing pillar[n]arene-based stimuli-responsive chiral molecular devices and provide a promising potential for absolute asymmetric synthesis of pillararene-based derivatives.
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Metal-organic frameworks, MOFs, offer an effective template for polymerisation of polymers with precisely controlled structures within the sub-nanometre scales. However, synthetic difficulties such as monomer infiltration, detailed understanding of polymerisation mechanisms within the MOF nanochannels and the mechanism for removing the MOF template post polymerisation have prevented wide scale implementation of polymerisation in MOFs. This is partly due to the significant lack in understanding of the energetic and atomic-scale intermolecular interactions between the monomers and the MOFs. Consequently in this study, we explore the interaction of varied concentration of styrene, and 3,4-ethylenedioxythiophene (EDOT), at the surface and in the nanochannel of Zn2(1,4-ndc)2 (dabco), where 1,4-ndc = 1,4-naphthalenedicarboxylate and dabco = 1,4-diazabicyclo[2.2.2]octane. Our results showed that the interactions between monomers are stronger in the nanochannels than at the surfaces of the MOF. Moreover, the MOF-monomer interactions are strongest in the nanochannels and increase with the number of monomers. However, as the number of monomers increases, the monomers turn to bind more strongly at the surface leading to a potential agglomeration of the monomers at the surface.
Keywords: metal-organic frameworks (MOFs), polymerisation, host-guest interaction, DFTB, molecular dynamics
1 INTRODUCTION
In recent years, the interest and effort in the synthesis, characterisation, functionalisation, modelling, and designing of novel nanoporous materials have gained a massive insurgence (Materazzi et al., 2008). This owes mostly to the fact that the properties of these materials are not only dependent on how atoms are arranged within their crystals, but also on the size and shape of their pores as well as on their specific surface area. For these reasons, nanoporous materials are heavily investigated for application in gas storage, sieving, filtration, extraction, separation, sensors, drug delivery, and electrochemical energy storage and catalysis (Bastani et al., 2013; Ma et al., 2014; Zhang et al., 2014; Forest et al., 2015; Zhang et al., 2015; Wilkerson and Ramesh, 2016; Fu et al., 2017; Rafiee and Shahebrahimi, 2017).
Hitherto, the most rapidly growing and investigated classes of nanoporous materials that hold potentials for an almost limitless range of applications are known as metal-organic frameworks, MOFs (Li et al., 1999; Yaghi et al., 2000; Yaghi et al., 2003; Mueller et al., 2006). MOFs are organic-inorganic hybrid crystalline porous materials that are formed by covalently binding metal ions or clusters, also known as secondary binding units, SBUs, with organic ligands, also known as linkers, in a variety of 2- and 3-dimensional nets or topologies (Furukawa et al., 2013; Butova et al., 2016). In general, they are materials with typical low mass densities, high internal surface area and large pore volumes. Consequently, they are exploited for several applications including (but not limited to) gas storage, filtration, extraction, separation, sensors, drug delivery, electrochemical energy storage, and catalysis (Furukawa et al., 2013; Ricco et al., 2016; Pettinari et al., 2017).
Moreover, the well-defined porous network and relatively high internal surface area have opened up new avenues for the use of MOFs as a template for various chemical reactions to obtain specific regio- and stereoisomers (Uemura et al., 2005; Liu et al., 2008; Bhakta et al., 2009; Canivet et al., 2011; Distefano et al., 2013; Lee et al., 2015; Chen et al., 2016; Ding et al., 2016; Wang et al., 2017; Mochizuki et al., 2018; Anan et al., 2019; Rivera-Torrente et al., 2019; Schmidt, 2019). Amongst these potential chemical reactions, polymerisation in MOFs has gained significant scientific interest. This is primarily because the highly designable features of MOFs result in nanochannels that can be applied as a tailor-made polymerisation system to obtain highly controlled polymer structures with long-range order. Furthermore, since the MOFs act only as a scaffold for reactions, conventional polymerisation methods can be easily employed, with little or no modification, provided that the reagents and reaction conditions do not destroy the crystal structures of the MOFs (Mochizuki et al., 2018).
So far, polymerisations in MOFs have been used to effectively control polymer molecular weight distribution, stereo-regularity (tacticity), reaction sites, and copolymer sequence (Uemura et al., 2008; Uemura et al., 2009). Consequently, this provides an attractive avenue for not only the precision synthesis of novel polymer materials but also for exploring specific properties of polymer confinement. A comprehensive review describing the state-of-the-art of polymerisation in MOFs was recently published (Schmidt, 2019).
Despite the advantages resulting from polymerisation in MOFs, there is a significant lack in conceptual understanding of how to effectively control these reactions, which consequently restrains their wide-scale application. (Uemura et al., 2009). Firstly, there is still an enormous synthetic challenge on how to effectively infiltrate the monomers in the confinement of the pores before polymerisation. Secondly, there is only very little understanding of the MOF nanochannel polymerisation mechanism, the initiation process and the propagation process. Thirdly, little is known on how the monomer interacts with the MOF framework during polymerisation as well as the mechanism for removing the MOF template (Wang et al., 2017).
The first evidence of polymerisation in MOFs was from the pioneering work of Uemura and co-workers on the radical polymerisation of styrene (Uemura et al., 2005). In this study, the styrene monomer was shown to fully infiltrate the nanochannel by immersing the MOF in the liquid monomer, while excess styrene at the external surface was removed by subjecting the host crystals to reduced pressure. The result from powder X-ray diffraction studies showed that the newly synthesised polymer was fully encapsulated in the nanochannel of the MOF. In a recent study, (Wang et al., 2017), Wang and co-workers performed an oxidative polymerisation of 3,4-ethylenedioxythiophene, EDOT, in a MOF. This time, the authors encountered a significant challenge in fully infiltrating the monomer into the MOF nanochannels and results from this study showed an agglomeration of monomers at the surface of the MOF.
An in-depth understanding of the energetic and atomic-scale intermolecular interactions between the monomers both at the surface and in the nanochannels of the pores would be a significant step towards understanding how to fully control these reactions. Consequently in this study, we explore the interaction of styrene and EDOT, at the surface and in the nanochannel of the MOF, Zn2(1,4-ndc)2 (dabco), where 1,4-ndc = 1,4-naphthalenedicarboxylate and dabco = 1,4-diazabicyclo [2.2.2]octane. Zn2(1,4-ndc)2 (dabco), hereafter referred to as ZnPW-NDC MOF, is a MOF possessing a zinc paddlewheel building block on which the naphthalenedicarboxylate linkers are joined to form two-dimensional square grids, which are pillared by the dabco ligands as shown in Figure 1 (Klein et al., 2012).
[image: Figure 1]FIGURE 1 | (A) the secondary building units of Zn2 (1,4-ndc)2 (dabco), represented as a net, where the organic linkers constitute the edges and the metal cluster the nodes, (B) Illustration of monomers EDOT and Styrene.
2 METHODS
To fully explore the intermolecular interactions between the monomers and the ZnPW-NDC MOF, 100 ZnPW-NDC MOF[image: image]monomers complexes were generated for ZnPW-NDC MOF[image: image]EDOT and ZnPW-NDC MOF[image: image]styrene complexes using one, two and three monomers both at the interior of the nanochannel and on the surface of the MOF. The ZnPW-NDC MOF lattice was constructed using the Automatic Topological Generator for Framework Structures package, implemented by one of us (Addicoat et al., 2014) The ZnPW-NDC MOF surface was then constructed by building a 3 × 3 × 1 supercell from and converting to a 2D slab by truncating the c-axis and capping with water. MOF[image: image]monomers complexes were then generated using a random structure generator algorithm, Kick (Addicoat et al., 2013), as described in the Electronic Supporting Information, ESI†. Once generated, all the complexes were optimised using Density Functional Tight Binding (DFTB) with znorg parameter set including UFF dispersion correction as implemented in the Amsterdam modelling suite, AMS, package version ADF 2019.305 (Hourahine et al., 2020; Moreira et al., 2009; Rappe et al., 1992; teVelde et al., 2001). Once optimised, the lowest energy complexes were selected and used to compute the MOF[image: image]monomers binding energies, [image: image], using the formula in Eq. 1.
[image: image]
EMOF⊃monomers is the ground state optimised energy of the MOF[image: image]monomer complex. EMOF is the ground state optimised energy of the isolated MOF. EMonomer is the ground state optimised energy of the monomer and finally, x represents the number of monomers (x = 1, 2 or 3) present in each complex.
A molecular dynamics, MD, simulation was then performed on all the optimal MOF[image: image]monomer composites in order to gauge the intermolecular interaction between the MOF and the monomer over a given time period. The MD simulations were computed using the same znorg parameter set at 343.1 K, 1 atm in the isothermal-isobaric (NPT) ensemble as implemented in DFTB+ program package (Hourahine et al., 2020). The temperature and pressure in this ensemble were maintained using Nosé-Hoover thermostat and the Berendsen barostat respectively (Berendsen et al., 1984; Martyna et al., 1996). The coupling strength used in thermostat corresponded to the maximum frequency for each composite meanwhile a decay constant of 10 femtoseconds was used for the Berendsen barostat. A time step of 1 femtosecond was used and the trajectory was saved for every time step. A total of 100,200 MD time steps were performed for each of the optimal MOF[image: image]monomer composites constituting the nanochannels. Meanwhile 10,200 MD time steps were performed for the composites constituting the surface.
All computational data corresponding to detailed energetics, intermolecular interactions and MD trajectories can be freely downloaded from http://doi.org/10.5281/zenodo.4382475.
3 RESULTS AND DISCUSSIONS
3.1 Binding Energy Analysis
The binding energies for the most stable MOF[image: image]monomer(s) composites are presented in Table 1. The magnitude of these binding energies is a direct measure of the strength of intermolecular interactions between the MOF and the monomers. Hence it can be inferred from these results that all the monomers have an obvious attractive interaction with the ZnPW both in the nanochannel and at the surface.
TABLE 1 | UFF-Zenorg binding energies for the most stable MOF[image: image]monomer composites.
[image: Table 1]In all cases, the strength of this intermolecular interaction increases with the number of monomers. The interactions are generally observed to be stronger in the nanochannels with ZnPW[image: image]EDOT showing the strongest interactions which are seen to double as the concentration of monomer increases. In the presence of one monomer, styrene is observed to bind more strongly at the surface, indicating a more favourable surface interaction at lower concentrations, possibly impacting the incursion of the monomer into the MOF nanochannels by blocking the surface. This significantly large stability resulting from the increase in monomer concentration could be a bottleneck when it comes to extracting the polymer from the MOF. Within the nanochannels, the increase in stability can partly be attributed to strong monomer-monomer interaction, which was further analysed from MD simulations.
3.2 Pairwise Root-Mean-Square Deviation
A pairwise root-mean-square deviation (RMSD) was performed to provide a visual inspection of how each structure changes over time. In the pairwise RMSD, we compute the RMSD of each snapshot in the trajectory with respect to all the other snapshots. The RMSD along the diagonals have values of zero, which correspond to the RMSD of a snapshot with itself. Low RMSD values at the off-diagonal regions correspond to snapshots whose structures are similar to the reference snapshot, while higher values correspond to dissimilar structures. Consequently, occupation of a given state can be observed as blocks of similar RMSDs along the diagonal. The pairwise RMSD for all the MD trajectories are presented in Figures 2, 3, wherein the snapshots are converted into picoseconds, ps and RMSD presented in Ångstrom, Å.
[image: Figure 2]FIGURE 2 | Pairwise RMSD plot for ZnPW[image: image]EDOT interactions for both nano-channel and surface interaction.The colour gradient corresponds to the RMSD in Å. The labels ”Pore” and ”Surface” correspond to nano-channel and surface interactions respectively and the numbers after the hyphen correspond to the number of monomer(s) present.
[image: Figure 3]FIGURE 3 | Pairwise RMSD plot for ZnPW[image: image]styrene interactions for both nano-channel and surface interaction.The colour gradient corresponds to the RMSD in Å. The labels ”Pore” and ”Surface” correspond to nano-channel and surface interactions respectively and the numbers after the hyphen correspond to the number of monomer(s) present.
The RMSD for every point in Figures 2, 3 were computed using the formula in Eq. 2 and the python script can freely be downloaded (https://github.com/bafgreat/Pairwise-RMSD).
[image: image]
Here, [image: image] and [image: image] are Cartesian coordinates of atom j in configuration r and s respectively, which have been optimally aligned so that the resulting RMSD should be the minimum distance between both configurations. N is the total number of atoms in each configuration. The pairwise RMSD was calculated for every 10th snapshots in the MD trajectory for the nano-channel interactions, which reduces the total number of snapshots to 10,200, leading to a significant decrease in computational cost. On the other hand, the RMSD was computed for all the snapshots in the surface interaction for which each trajectory was composed of 10,200 snapshots.
The pairwise RMSD for the nano-channels of both ZnPW[image: image]EDOT and ZnPW[image: image]styrene presented in Figures 2, 3 respectively, shows a series of distinct states that are sampled by the system. Here, regions of similar RMSDs are distinctively represented in blocks, corresponding to distinct conformational states. These states differ by the position of the monomer(s) in the nano-channel, as well as in the orientation of the naphthyl of the ndc linker, which determines the dimension of the pore. The orientations of these linkers can be determine by the computing their dihedrals with respect to the plane along the lattice coordinate on which they lie as described in the ESI. The dihedral angles for these distinct conformational states is presented in Figure 4.
[image: Figure 4]FIGURE 4 | Dihedral angles for the two pairs positionally distinct ndc linker in the unit cell for the distinct conformational states of ZnPW[image: image]EDOT and ZnPW[image: image]styrene motifs for nano-channel interaction.
For the ZnPW[image: image]EDOT system containing two monomers, Figure 2, the initial state persists for a longer period before transitioning into the second state. In this state, the dihedral angles formed by one of the ndc linkers are nicely aligned to enable a strong-sandwich π-π intermolecular interaction with one of the EDOT monomers, meanwhile the other monomer interacts favourably with the dabco pillar. Meanwhile, for the ZnPW[image: image]styerene system containing three monomers, Figure 3, the system visits 3 states and remains in the 3rd state for over 7 ps The dihedral angles for both positionally distinct linkers are observed to be below [image: image], which results in an open pore system in which all three styrene monomer sit in the centre of the pore enhancing both monomer-monomer interactions as well as MOF-monomer interactions.
At the surface, the transitions from one conformational state to the other are far less distinct. Here, the snapshots show more dissimilarity across the trajectory, indicative of less favourable interactions for which the systems may want to explore for a longer time scale. In the presence of three monomers, there are few regions of similar RMSD at larger time scale.
3.3 Radial Distribution Analysis
A radial distribution function (RDF) was computed for all the MD trajectories to analyse the ZnPW-NDC MOF[image: image]monomer(s) and monomer–monomer intermolecular interactions. The RDF was computed using MDAnalysis program package (Michaud-Agrawal et al., 2011; Gowers et al., 2016) and an excellent description of the implementation of RDFs from MD trajectories can be found in the paper by Kohlmeyer and co-workers (Levine et al., 2011) In the RDF analysis, the distance between pairs of atoms of the interacting species in each trajectory snapshot are computed and collected into a histogram, which provides the probability distribution for the interacting species to be found at a given distance in space. The RDF for the ZnPW-NDC MOF[image: image]monomer(s) and the monomer-monomer intermolecular interactions are presented in Figures 5, 6 and respectively.
[image: Figure 5]FIGURE 5 | Radial distribution function of ZnPW[image: image]monomer(s) interactions computed from each molecular dynamic trajectory. n corresponds to the number of monomer(s) present in the trajectory. The labels ”Pore” and ”Surface” correspond to nanochannel and surface interactions respectively. (A) Nanochannel and surface ZnPW_EDOT radial distribution function. (B) Nanochannel and surface ZnPW_styrene radial distribution function.
[image: Figure 6]FIGURE 6 | Monomer-monomer radial distribution function from each molecular dynamic trajectory composed of three monomers. Each monomer is labelled [image: image] (i = 1, 2 or 3). The labels ”Pore” and ”Surface” correspond to interactions at the nanochannel and surface respectively. (A) EDOT-EDOT radial distribution function at nanochannel and surface of ZnPW. (B) Styrene-styrene radial distribution function at nanochannel and surface of ZnPW.
It can be observed from Figure 5 that all the monomers have favourable intermolecular interactions with the ZnPW both at the surface and in the nanochannels, which are within the Van der Waals intermolecular range (r < 3.5 Å). However for EDOT, it can be observed from Figure 5A that as the number of monomers increases to three, the number of interactions below 2Å increases both at the surface and in the nanochannel, represented by the 3 green peaks. A similar observation is seen for the surface interaction of ZnPW[image: image]styrene presented in Figure 5B. This high propensity for the formation of strong intermolecular interactions at the surfaces of ZnPW when the monomer concentrations increases can be used as a proxy for explaining the experimental difficulties encountered in infiltrating the monomers into the nanochannels (Uemura et al., 2005; Wang et al., 2017). Moreover, the strong interaction (represented by the 3 green peaks in Figure 5A) occurring in the nanochannel of ZnPW-NDC MOF[image: image]EDOT in the presence of three monomers could also explain the relative difficulties encountered during the removal of the ZnPW-NDC MOF from the PEDOT-MOF composite (Wang et al., 2017).
The monomer-monomer interactions for systems containing three monomers are presented in Figure 6. It can be observed for both ZnPW-NDC MOF[image: image]EDOT and ZnPW-NDC MOF[image: image]styrene that the monomers have a stronger interaction with the ZnPW-NDC MOF in the nanochannels than at the surface. At the surface of ZnPW-NDC MOF[image: image]EDOT in Figure 6A, the monomers are significantly dispersed showing very little evidence of an eventual polymerisation at the surface, which implies that the nanochannels provide an efficient platform that brings the monomer to a sufficiently close distance in order to initiate polymerisation. On the other hand, the styrene monomers show some significant interaction at the surface of the ZnPW as observed in Figure 6B.
3.4 Contact Analysis
A contact analysis was computed for MOF[image: image]monomer(s) intermolecular distances that are below 3.5 Å in each MD trajectory. The contact analysis was computed for every 1 ps for systems representing surface interactions meanwhile for systems representing nanochannel interactions, we computed intermolecular interactions for every 10 ps. The ZnPW-NDC MOF[image: image]monomer(s) contact analysis are plotted in Figures 7, 8 and the data for each of these interactions are found in the ESI†.
[image: Figure 7]FIGURE 7 | Frequency of ZnPW[image: image]EDOT intermolecular distances (r < 3.5 Å) for nanochannel and surface interactions. The colour gradient corresponds to specific interatomic interactions and each column correspond to a molecular dynamic trajectory snapshot. Interactions were computed at every 10 ps for systems representing nanochannel interactions and every 1 ps for systems representing surface interactions. The labels ”Pore” and ”Surface” correspond to nanochannel and surface interactions respectively and the numbers after the hyphen correspond to the number of monomer(s) present.
[image: Figure 8]FIGURE 8 | Frequency of ZnPW[image: image]styrene intermolecular distances (r < 3.5 Å) for nanochannel and surface interactions. The colour gradient corresponds to specific interatomic interactions and each column correspond to a molecular dynamic trajectory snapshot. Interactions were computed at every 10 ps for systems representing nanochannel interactions and every 1 ps for systems representing surface interactions. The labels ”Pore” and ”Surface” correspond to nanochannel and surface interactions respectively and the numbers after the hyphen correspond to the number of monomer(s) present.
For the nanochannel and surface interaction of both monomers with the ZnPW-NDC MOF, the C-H, H-O and C-C are the most common interactions. These correspond to strong hydrogen-bond and hydrophobic interactions occurring between the monomers and the ZnPW. The number of these interactions are observed to increase with the concentration of monomers. In ZnPW-NDC MOF[image: image]EDOT systems, Figure 7, there is also a significant number of H-S and C-S interactions, which are known to be highly polarisable and can consequently increase the (ZnPW-NDC MOF)–EDOT electrostatic interactions (Rohwer et al., 2018).
4 CONCLUSION
In this study, we investigated the intermolecular interactions of two monomers, styrene and EDOT, with ZnPW-NDC MOF metal organic framework. It was observed for both monomers that the ZnPW-NDC MOF[image: image]monomer(s) intermolecular interactions are stronger in systems with higher monomer concentration for both surface and nanochannel interactions. The monomer–monomer interactions are observed to be strongest in the nanochannels, which is indicative of the nanochannel acting as an effective medium that brings monomers into close proximity therefore potentially optimising the polymerisation process. The ZnPW-NDC MOF[image: image]EDOT showed strong interactions at the surface of the ZnPW, which has been supported by a previous experimental study (Wang et al., 2017). This study reported an agglomeration of monomers at the surface of the ZnPW resulting in potential difficulties with fully infiltrating the monomer into the nanochannels.
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[2.2]Paracyclophane scaffolds have seen limited use as building blocks in supramolecular chemistry. Here, we report the synthesis and characterization of a 1D coordination polymer consisting of silver(I) ions bound to a [2.2]paracyclophane scaffold functionalized with two 4-pyridyl units. The structure of the polymer has been determined from single crystal X-ray diffraction analysis and reveals two different silver coordination motifs that alternate along the 1D coordination polymer. The coordination polymer exhibits strong blue and sky-blue fluorescence in solution and in the crystalline solid state, respectively.
Keywords: coordination polymer, cyclophane, supramolecular chemistry, silver(I), paracyclophane
INTRODUCTION
Coordination polymers are polymeric arrays of monomeric units that are held together through metal coordination (Yang et al., 2015). These materials continue to attract attention due to their use in a wide range of applications from medicine (Medici et al., 2016), to catalysis (Zeng et al., 2016), sensors (Yi et al., 2016) and luminescent materials (Yersin et al., 2017) (To et al., 2020). Among the metals used to synthesize coordination polymers, silver is of particular interest due to the range of geometries and coordination modes available (Young and Hanton, 2008). Silver has been demonstrated to form coordination polymers with a range of morphologies, 1D, 2D and 3D coordination networks have been demonstrated for a range of ligands (Carlucci et al., 1995) (Chen et al., 2006) (Roy et al., 2016).
Luminescent coordination polymers containing silver(I) were first documented in 1999 (Tong et al., 1999) with the report of a self-assembled 3D coordination polymer of silver(I) with bis-phenol Schiff base ligands that showed bright blue emission in both the solid state and in solution. Since then, many luminescent silver coordination polymers have been reported. Macrocycles and 2D structures made of Ag(I) and pyrimidine-based thioether ligands, reported by Han and coworkers (Han et al., 2005), also show bright luminescence. Liu and coworkers (Liu et al., 2005) reported 2D networks with metallocyclophane motifs with high electric conductivity due to columnar aromatic stacking motifs formed through both intra- and intermolecular π−π interactions. They also report a 2D zigzag sheet structure, in which silver triflate forms tubelike double chains with 4,4′-bis (2,5-dimethylstyryl) biphenyl molecules acting as links between the chains to form the sheets. Both of those compounds exhibit luminescence in the solid state and show excitation and emission maxima are shifted to longer wavelength as compared to those of the corresponding metal-free ligands. The same observation was made by Huo and coworkers (Huo et al., 2016) who reported a series of luminescent Ag(I) coordination polymers with different coordination modes tuned via different multidentate bis(1,2,3-triazole) ligands and anions. This anion-responsive behavior was also detected by Fan and coworkers (Fan et al., 2014) in 3D porous luminescent triazol-type Ag(I) framework with green luminescence emission. Co-crystallization of Ag(I) complexes with bipyridine and benzimidazole was reported by Cai and coworkers (Cai et al., 2011) to yield 1D infinite coordination polymer chains with both intraligand emission and ligand-to-metal charge transfer contribution. We reported the first example of a phosphorescent Ag(I) coordination polymer that incorporated iridium (III) metalloligands (Rota Martir et al., 2018).
The two benzene rings of the [2.2]paracyclophane (pCp) are disposed cofacially (Bahrin et al., 2017, 2), which give rise to through-space (π–π trans-annular) and through-bond [σ(bridge)–π(annular)] electronic interactions, affecting the chemical, optical, and electronic properties of the molecule (Kahnt et al., 2007; Elacqua and MacGillivray, 2010). It has been shown that positioning organic functional groups on the pCp core ring shifts its luminescence properties (Braun et al., 2017; Anhäuser et al., 2019; Rota Martir et al., 2019). Exploiting the electronic coupling present between the two benzene decks of the pCP, the first examples of pCp compounds emitting via a thermally activated delayed fluorescence mechanism were recently reported by Spuling, Sharma and co-workers (Spuling et al., 2018). There are few examples of the pCp scaffold used in metallosupramolecular self-assembly (Meyer-Eppler et al., 2014; Gon et al., 2017; Anhäuser et al., 2019; Rota Martir et al., 2019). A [Pd3(pCpd4py)6](BF4)6 3D-photoactive cage assembly incorporating a pyridyl-substituted pCp scaffold and Pd has been reported (Rota Martir et al., 2019), this macrocycle is emissive in both the solid state and solution, with emission red-shifted relative to the ligand.
Herein we report the synthesis and photoluminescence properties of a remarkable 1D coordination polymer containing silver(I) ions in two different coordination environments. The coordination polymer Ag-pCp was obtained from the reaction of Ag(I) ions and a [2.2]paracyclophane functionalized at the 7 and 15-positions with 4-pyridyl moieties (pCpd4py).
METHODS
Synthesis
The ligand pCpd4py was prepared according to a previously published method (Rota Martir et al., 2019). All other chemicals and solvents were obtained from commercial suppliers and used as received, solvents used for photophysical measurements were of spectroscopic grade.
Synthesis of Ag-pCp polymer. In a small vial, pCpd4py (4.0 mg, 0.01 mmol, 1 equiv.) was dissolved in 1 ml of dichloromethane. To this vial a solution of AgPF6 (10 mg, 0.04 mmol, 3.6 equiv.) in 1 ml of acetonitrile was carefully layered on top. The vial was sealed and left at room temperature, crystals began forming after 3 days and the reaction was complete after 10 days. The colorless crystals were collected to give the product (5.0 mg, 52% yield). The product was identified by single crystal X-ray diffraction, with the formula determined to be [Ag3(pCpd4py)4(NCCH3)6(CH2Cl2)2] (CCDC: 2089070).
Photophysics
Absorption spectra were recorded at room temperature on a Shimdazu-1800 spectrophotometer in 1 cm quartz cuvettes. For emission studies, degassed solutions were prepared via three freeze-pump-thaw cycles and spectra were taken using a home-made Schlenk quartz cuvette. Crystalline samples were finely ground and mounted in a quartz sample holder for solid-state measurements. Steady-state emission, excitation spectra and time-resolved emission spectra were recorded at 298 K using an Edinburgh Instruments F980 fluorimeter. Samples were excited at 378 nm using a pulsed diode laser for time-resolved measurements.
RESULTS AND DISCUSSION
Coordination of silver ions to the 4-pyridyl groups of pCpd4py proceeded readily, with the coordination polymer crystallizing from solution cleanly in moderate yield.
The X-ray crystal structure of the coordination polymer is shown in Figure 1. The asymmetric unit of the structure comprises one and a half silver(I) ions, two pCp4py ligands, one and a half PF6– anions, one molecule of dichloromethane solvent and three molecules of acetonitrile solvent. This remarkable structure consists of a 1D coordination polymer in which there are two different coordination environments for the silver(I) ions. One silver ion (Ag1) is in a linear, 2-coordinate environment, while the second silver ion (Ag2) is in a trigonal planar 3-coordinate environment.
[image: Figure 1]FIGURE 1 | (Top) Representation of the X-ray crystal structure of Ag-pCp, hydrogen atoms, solvent molecules and anions are omitted for clarity. (Bottom, L-R) Diagram of ligand pCpd4py, two different coordination environments for the silver atoms (thermal ellipsoid plot, 50% probability ellipsoids).
The linear coordination environment around Ag1 has two strongly bound nitrogen atoms from the pCpd4py ligand. Ag1 is located at an inversion center, this results in a perfect 180° N-Ag1-N bond angle and identical Ag1-N distances of 2.141(4) Å. A linear N-Ag-N bond has been observed in some Ag-coordination polymers, for example in rac-IrAg (Rota Martir et al., 2018); however, in many cases the linear coordination is distorted by the presence of anions and solvent molecules (Chen et al., 2006). In the extended coordination sphere, there are two weakly bound acetonitrile molecules, with longer Ag to N distances of 2.833(10) Å. The weakly coordinated acetonitrile molecules are nearly perpendicular to the Ag-Npy bonds, with a Npy-Ag1-NMeCN angle of 87.6(3) The Ag1-N distance in Ag-pCp is similar to the 2.141 and 2.156 Å observed in rac-IrAg (Rota Martir et al., 2018) and also similar to the Ag-N distances of between 2.123 and 2.133 Å seen in a series of linear two-coordinate [Ag (pyridine)2]+ structures. (Chen et al., 2007).
The coordination environment around Ag2 is a nearly perfect trigonal planar environment, with Ag2-N bond lengths of 2.224(4), 2.246(5) and 2.268(4) Å and N-Ag2-N angles between 112.85(16) and 124.31(17), with the Ag(I) ion displaced 0.099 Å out of the mean-plane of the nitrogen atoms. This is similar to the coordination environment seen in a pair of [Ag(isonicotinamide)3]+ crystals where Ag-N bond lengths ranged between 2.213 and 2.321 Å, N-Ag-N bond angles were ca. 105, 120 and 135°, and the Ag(I) ion was displaced 0.007 or 0.017 Å out of the mean-plane of the nitrogen atoms (B. Aakeröy et al., 1998). A three-coordinate geometry for silver is the third most common seen, behind four- and two-coordinate (Young and Hanton, 2008), in many of these examples the coordination environment is distorted from the ideal trigonal planar, trigonal pyramidal or T-shaped geometries by the use of bidentate ligands or the presence of weak interactions with solvent molecules or anions (Durini et al., 2017). The angled orientation of the coordinating pyridyl groups makes each Ag2 center a chiral molecular propeller, although from the symmetry of the space group, centers of both handedness are present and individual polymer chains are achiral.
The phenyl rings of the pCp4py ligands show a distortion from planarity similar to that seen in related pCp compounds (angle across the para-substitution axis 15.6–16.2°). (Rota Martir et al., 2019). Despite this, the dihedral angle between mean planes of the phenyl groups still shows them to be parallel (1.8° for both ligands). Each ligand shows two rather different dihedral angles between the phenyl and its pyridyl substituent, although these match reasonably well between the two ligands (31.6 and 49.2° for one, 36.9 and 51.7° for the other). In turn, this leads to similar angles between pyridyl rings for each of the two ligands (75.4 and 83.2°). This matches the conformation seen in other pyridyl-cyclophanes. (Rota Martir et al., 2019).
Each polymer chain is built from alternating [Ag2(pCpd4py)2] 32-membered metallamacrocycles (which include just the trigonal planar Ag2) and Z-shaped linkers, comprising two ligands bound linearly to Ag1. This results in a flat, tape-like coordination polymer (Figure 1), with chains propagating along the [0 1 −1] diagonal axis, and a polymer repeat-distance of 21.42 Å. Adjacent polymer chains are offset such that the edge of one tape overlies that of the next, with the pCp of the Z-shape above the trigonal planar Ag2 center. Despite this positioning, no π···π interactions are found in the structure, the shortest distance between centroids being 4.33 Å. However, this positioning of adjacent chains does allow for the formation of CH···π interactions chains, involving a methylene hydrogen of one pCpd4py and the π-system of a pyridine ring of the other, at a C-H···centroid distance of 2.70 Å [C···centroid separation of 3.528(6) Å]. These interactions occur in pairs across an inversion center, and link adjacent chains into two-dimensional sheets in the (1 1 1) plane (Figure 2). No direct intermolecular interactions occur between adjacent sheets. There are no close contacts between the silver(I) atoms, in contrast to many low-coordinate silver complexes. (Chen et al., 2007).
[image: Figure 2]FIGURE 2 | Representations of the intermolecular interactions in the solid-state structure of Ag-pCp. (Left) View of a two-dimensional sheet in the (1 1 1) plane formed by C-H·π interactions (shown red) linking adjacent chains. The central chain is highlighted for clarity. (Right) View of the weakly interacting T-shaped motif (interactions shown red) formed by solvent and anion. Links from the motif to polymer chains are shown for both C-H···A (shown blue) and Ag···N (shown pink) interactions.
Both anions and solvent molecules form weak C-H···A interactions, although only the PF6– anions and one of the molecules of acetonitrile interact directly with the polymer chains, other interactions being between anion and solvent or solvent and solvent. None of the anions or solvent molecules bridge directly between chains. The C-H···N distances occur at 2.47 and 2.61 Å [C···N separations of 3.371(15) and 3.24(2) Å] and the C-H···F distances range from 2.40 to 2.45 Å [corresponding C···F separations of 3.150(9) to 3.400(14) Å]. One PF6– interacts solely with one polymer chain, while the other interacts with a chain and multiple solvent molecules. These weak interactions give rise to discrete T-shaped motifs comprising one dichloromethane, one PF6– and three acetonitriles (Figure 2). Two polymer chains in the same sheet are weakly linked via the PF6– and one acetonitrile, while this sheet can in turn be linked to a chain in another sheet via the weak Ag···NCMe interactions.
Ag-pCp is luminescent, exhibiting sky-blue emission (λPL = 497 nm) in the crystalline solid state and deep-blue emission in DCM solution (λPL = 419 nm), Figure 3. Coordination polymers are liable to exist as shorter oligomers in solution, although in a non-coordinating solvent like DCM, Ag-pCp is expected to retain its structural motifs in the oligomeric fragments. The solution-state emission is only slightly red-shifted from the emission of the ligand (λPL = 403 nm), suggesting that the emission is fluorescence from a ligand centered (1LC) singlet excited state, with the red-shift due to the stabilization of the LUMO and the singlet excited state upon coordination of the Lewis acidic silver(I) ions to the pyridyl group of the ligand. This same red-shift in emission upon coordination of a metal ion to pCp-d4py was seen for [Pd3(pCpd4py)6](BF4)6. (Rota Martir et al., 2019). There is a similar red-shift observed in the absorption spectrum of a DCM solution of Ag-pCp (λabs = 306 nm) in comparison to the free ligand (λabs = 287 nm). The emission lifetime of pCpd4py and the DCM solution of Ag-pCp are very similar (pCpd4py: τPL = 5.42 ns, Ag-pCp: τPL = 5.27 ns), while crystalline Ag-pCp has a longer emission lifetime of 19 ns.
[image: Figure 3]FIGURE 3 | Plots of the normalized absorption, excitation and emission spectra for (A) pCpd4py in acetonitrile, (B) Ag-pCp in dichloromethane. (C) Comparison of the emission spectra for the ligand and Ag-pCp in solution and crystalline states.
The electronic properties of both the ligand and subunits of the polymer were investigated by DFT and TD-DFT calculations to provide further insight into the nature of the emission properties and the corresponding energy levels of the excited states of the compounds. Details of the calculations performed are provided in the Supplementary Material, while plots of the Kohn-Sham orbitals are shown in Figure 4. The optimized structure of the ligand showed a large gap of 4.50 eV between the HOMO and LUMO, which is also reflected in the high excited state energy of 3.77 eV for S1. There is no spatial separation between the HOMO and LUMO, leading to a large singlet-triplet energy gap, ΔEST, of 0.89 eV.
[image: Figure 4]FIGURE 4 | Plots of the molecular orbitals (top–LUMO, bottom–HOMO) for pCpd4py and the two different Ag-containing model units from Ag-pCp.
We next investigated Ag-pCp. The polymer was broken down into two different chromophoric units that were studied separately. The first unit contained a single two-coordinate silver center with the two coordinating pCpd4py ligands (matching the environment of Ag1). The second unit contained two three-coordinate silver centers, with two pCpd4py ligands bridging the Ag ions and forming a metallamacrocycle, and two additional ligands completing the coordination sphere of each Ag center (matching Ag2). The optimized geometry for each silver environment is similar to the crystallographically determined structures. The optimized Ag1 structure has a linear, two-coordinate environment around the silver ion, with the two pyridine groups being co-planar. The Ag2 structure retains the trigonal planar coordination environment observed experimentally, although the environment is slightly distorted, with py-Ag-py bond angles ranging from 94 to 140° and the Ag-Npy distances ranging from 2.238 to 2.395 Å with the silver ions displaced up to 0.229Å from the mean-plane of the nitrogen atoms.
The coordination of the silver ions to the ligand in each of these units resulted in a strong stabilization of more than 50 meV on the LUMO of the compounds, with little change observed in the HOMO energy. The HOMO remaining localized on a single ligand, while the LUMO is distributed across multiple ligands. In all cases there is no metal contribution to the orbitals (Figure 3).
The smaller Ag1-type unit shows a significant (50 meV) red-shift in the excited state energy of S1, while the larger Ag2-type unit shows a more moderate 20 meV red-shift of the emissive excited state. The calculated red-shift for the Ag2-containing fragment is close to the 11 meV red-shift observed between the solution state emission of the ligand in MeCN and that of the polymer in DCM. This suggests that the Ag2-type group is a good computational model for the whole polymer in solution.
CONCLUSION
We have prepared a new luminescent 1D silver(I) coordination polymer Ag-pCp. The polymer has a very interesting structure, containing both linear 2-coordinate and trigonal planar 3-coordinate silver atoms in the polymer chain. Ag-pCp is blue fluorescent in both the crystalline state and in DCM solution.
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The challenges faced with current fluorescence imaging agents have motivated us to study two nanostructures based on a hydrophobic dye, 6H-pyrrolo[3,2-b:4,5-b’]bis [1,4]benzothiazine (TRPZ). TRPZ is a heteroacene with a rigid, pi-conjugated structure, multiple reactive sites, and unique spectroscopic properties. Here we coupled TRPZ to a tert-butyl carbamate (BOC) protected 2,2-bis(hydroxymethyl)propanoic acid (bisMPA) dendron via azide-alkyne Huisgen cycloaddition. Deprotection of the protected amine groups on the dendron afforded a cationic terminated amphiphile, TRPZ-bisMPA. TRPZ-bisMPA was nanoprecipitated into water to obtain nanoparticles (NPs) with a hydrodynamic radius that was <150 nm. For comparison, TRPZ-PG was encapsulated in pluronic-F127 (Mw = 12 kD), a polymer surfactant to afford NPs almost twice as large as those formed by TRPZ-bisMPA. Size and stability studies confirm the suitability of the TRPZ-bisMPA NPs for biomedical applications. The photophysical properties of the TRPZ-bisMPA NPs show a quantum yield of 49%, a Stokes shift of 201 nm (0.72 eV) and a lifetime of 6.3 ns in water. Further evidence was provided by cell viability and cellular uptake studies confirming the low cytotoxicity of TRPZ-bisMPA NPs and their potential in bioimaging.
Keywords: bioimaging, Stokes-shift, heteroacenes, amphiphile, nanoparticles
INTRODUCTION
Bioimaging techniques are crucial to understanding biological processes of living systems. Among many imaging techniques, fluorescence imaging (visible to near-infrared, >400 nm) is a powerful, noninvasive method for diagnostics. It can provide excellent spatiotemporal resolution that affords the investigation of biological systems in real-time (Haustein and Schwille, 2007). In light of the aforementioned advantages, some application-based drawbacks remain in regards to the most common imaging agents and dyes (James and Gambhir, 2012). These include inadequate stability, low water solubility, and poor biocompatibility (Choi and Frangioni, 2010; Khan et al., 2019).
Inorganic hybrids such as single-wall carbon nanotubes (SWCNTs) (Jena et al., 2020) and inorganic quantum dots (QDs) (Gil et al., 2021) currently show the most promise, possessing high stability; however, these materials exhibit poor metabolism and high toxicity (Gil et al., 2021). Seeking solely organic or carbon-based alternatives, fluorescent dyes, e.g., rhodamine, (Grimm et al., 2020), fluorescein, (Ando et al., 2019), oxazine, (Vogelsang et al., 2009), have been widely adopted. However, they too exhibit unfavorable properties, specifically small Stokes shifts, which typically results in self-quenching and images with poor signal-to-noise ratios. With considerable interest in bioimaging applications, focused strategies have been in place to garner highly soluble emissive materials with low toxicity and large Stokes shifts for accurate and high-resolution images.
Current research efforts in bioimaging have taken a more supramolecular approach in which nanoparticles (NPs) are beginning to dominate (Mourdikoudis et al., 2018; Zhang et al., 2019; Zhang et al., 2020). These strategies have afforded biocompatible, water-soluble efficient probes where hydrophobic fluorophores undergo a structural organization that contributes to favorable photophysical properties. In this study, we designed and synthesized a heteroacene amphiphile based on 6H-pyrrolo[3,2-b:4,5-b’]bis[1,4]benzothiazine (TRPZ). The structures of interest are shown in Figure 1, where the hydrophobic framework of TRPZ has been modified to form a self-assembling species capable of forming stable NPs for bioimaging applications.
[image: Figure 1]FIGURE 1 | Structure of TRPZ-bisMPA (top) and TRPZ-PG (bottom)(A); depiction of TRPZ-bisMPA dye-polymer amphiphile self-assembly and TRPZ-PG-Pluronic F-127 (TRPZ-127) (B).
TRPZ is similar to pentacene and pyrene in that it possesses a conjugated structure and unique spectroscopic properties. Its structure readily forms pi-aggregates/excimers at high concentrations due to the stacking interactions of the pi-conjugated backbone resulting in a red-shift of the fluorescence and a bright green-yellow emission. Additionally, it possesses multiple reactive sites with the central pyrrole nitrogen atom offering a diverse library of derivatives with potentially unique functionalities.
Here we propargylated the central nitrogen on TRPZ (TRPZ-PG) and coupled it to a dendritic bisMPA alanine possessing protected amine termini via copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC). Deprotection of tert-butyl carbamates (BOC) protected amine groups with trifluoroacetic acid (TFA) afforded a cationic terminated TRPZ-bisMPA amphiphile. In aqueous media, TRPZ-bisMPA is capable of self-assembling into nanoparticles (NPs) where TRPZ makes up the core and bisMPA is the corona or exterior. In parallel, TRPZ-PG was encapsulated in pluronic-F127 (Mw = 12 kD), a polymer surfactant, to make a second NP system, TRPZ-127 NPs. We report the size and photophysical properties of the two resulting NP systems. Based on these results, TRPZ-bisMPA was then assessed via biological studies to demonstrate TRPZ as a promising platform for designing new versatile bioimaging probes.
MATERIALS AND METHODS
Reagents and solvents were purchased from Sigma-Aldrich and used without further purification unless otherwise specified. All synthetic procedures were carried out under nitrogen atmosphere using standard Schlenk line techniques unless otherwise stated. Additional synthetic details and general procedures are given in the electronic supporting information (SI).
Synthesis of A-MPA-4-ala
Synthesis of (2,2,5-trimethyl-1,3-dioxan-5-yl)methanol (2): The 2-(hydroxymethyl)-2-methylpropane-1,3-diol (10.10 g, 80.1 mmol) was stirred in 50 ml of acetone, 2,2-dimethoxypropane (DMP) (13.1 g, 126 mmol) and PTSA (0.79 g, 4.14 mmol) were added under room temperature. After the completion of the addition, the reaction mixture was stirred for 4 h. Then it was filtered through an amberlyst column, and the solvent was evaporated, and the residue was put under 60°C and full vacuum for 2 h. Then it was put under vacuum overnight to give (2) as a colorless liquid with 96% yield. 1H NMR (500 MHz, CDCl3) δ 3.67 [m, (d, s overlap J = 11.8 Hz, 2H; s, 2H)], 3.60 (d, J = 11.8 Hz, 2H), 2.55 (s, 1H), 1.44 (s, 3H), 1.40 (s, 3H), 0.83 (s, 3H).
Synthesis of (2,2,5-trimethyl-1,3-dioxan-5-yl)methyl 4-methylbenzenesulfonate (3): Compound (2) (10.9 g, 68.0 mmol) was dissolved in 34 ml of pyridine, and it was added dropwise to the stirred solution of p-toluenesulfonyl chloride (35.7 g, 187 mmol) in 48 ml of pyridine at 0°C under nitrogen. After the complete addition, the reaction mixture was stirred 48 h at room temperature. Then the reaction mixture was added dropwise to 100 ml of 40% ammonium chloride solution at 0°C. After complete addition, it was allowed to stir at room temperature for 2 h. Then it was filtered and washed with DI water until the pyridine smell was gone. Then the residue was dissolved in 25 ml of DCM and extracted with half saturated ammonium chloride and saturated NaCl solution. Yellow DCM solution was dried with anhydrous sodium sulfate. Then the solvent was evaporated, and the residue was placed under full vacuum for 12 h to give (3) as a yellow solid with 89% yield. 1H NMR (500 MHz, CDCl3) δ 7.86–7.79 (m, 2H), 7.38 (d, J = 7.6 Hz, 2H), 4.11 (s, 2H), 3.58 (s, 4H), 2.47 (s, 3H), 1.39 (d, J = 4.8 Hz, 3H), 1.25 (d, J = 4.7 Hz, 3H), 0.84 (s, 3H).
Synthesis of 5-(azidomethyl)-2,2,5-trimethyl-1,3-dioxane (4): Compound (3) (14.6 g, 46.4 mmol), NaN3 (12.1 g, 186 mmol), water (10 ml), and DMF (80 ml) were stirred at 110°C for 48 h under reflux. The mixture was poured into 150 ml water and extracted four times with Et2O (4 × 200 ml). The organic phase was dried over anhydrous MgSO4, and the solvent was removed under reduced pressure. The residue was purified by column chromatography with silica gel (100 g) and ethyl acetate/n-hexane (1:4) to give 7.48 g of a colorless liquid with an 87% yield. 1H NMR (500 MHz, CDCl3) δ 3.58 (d, J = 2.8 Hz, 4H), 3.51 (s, 2H), 1.40 (d, J = 13.8 Hz, 6H), 0.81 (d, J = 1.1 Hz, 3H).
Synthesis of 2-(azidomethyl)-2-methylpropane-1,3-diol (5): Compound (4) (7.05 g, 40.3 mmol) was dissolved in 35 ml of methanol. 7.00 g of a Dowex, acid resin was added, and the reaction mixture was stirred for 12 h at 50°C. When the reaction was complete, the Dowex was filtered off in a vacuum filter under a low vacuum and carefully washed with methanol. The methanol was evaporated to give 5.41 g of white crystals with a 93% yield. 1H NMR (400 MHz, CDCl3) δ 3.73–3.58 (m, 4H), 3.56–3.43 (m, 2H), 2.19 (s, 2H), 0.89 (d, J = 2.0 Hz, 3H).
Synthesis of A-MPA-4-AC (6): 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid was prepared using similar method mentioned in compound (2) synthesis. 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (6.48 g, 37.2 mmol), 1,1′-carbonyldiimidazole (CDI) (9.05 g, 55.8 mmol) were dissolved in 30 ml of ethyl acetate and it was stirred 1 h at 50°C. CsF (0.75 g, 4.93 mmol), Compound (5) (1.80 g, 12.4 mmol) were dissolved in 10 ml of ethyl acetate separately, and it was slowly added to the reaction mixture under nitrogen at 50°C. It was stirred for 12 h. When the reaction was complete 200 ml DI water was added and allowed to stir for 2 h at room temperature. Then it was extracted with 1 M HCl (200 ml × 3), 1 M NaHSO4 (200 ml × 3), 10% Na2CO3, saturated NaCl (200 ml), and it was dried under anhydrous MgSO4. Ethyl acetate was evaporated to give 5.22 g of colorless oil liquid with a 92% yield. 1H NMR (500 MHz, CDCl3) δ 4.21 (d, J = 11.7 Hz, 4H), 4.13–4.09 (m, 4H), 3.68 (d, J = 11.7 Hz, 4H), 3.42–3.39 (m, 2H), 1.43 (d, J = 32.2 Hz, 12H), 1.18 (d, J = 1.6 Hz, 6H), 1.08 (d, J = 1.5 Hz, 3H).
Synthesis of A-MPA-4-OH (7): Compound (6) (5.00 g, 10.9 mmol) was dissolved in 20 ml of methanol. 5.00 g of a Dowex, acid resin was added, and the reaction mixture was stirred for 12 h at 50°C. When the reaction was complete the Dowex, acid resin was filtered off in a vacuum filter under a low vacuum and carefully washed with methanol. The methanol was evaporated to give 3.96 g of colorless liquid with a 96% yield. 1H NMR (300 MHz, CDCl3) δ 4.09 (s, 4H), 3.88 (d, J = 11.2 Hz, 4H), 3.78–3.67 (m, 4H), 3.43 (s, 4H), 3.38 (s, 2H), 1.12–1.09 (m, 6H), 1.09–1.07 (m, 3H).
Synthesis of A-MPA-4-ala (8):N-boc-alanine (3.70 g, 19.6 mmol), 1,1′-carbonyldiimidazole (CDI) (3.49 g, 21.5 mmol) were dissolved in 30 ml of dry ethyl acetate, and it was stirred for 1 h at 50°C. CsF (0.43 g, 2.81 mmol), compound (7) (1.23 g, 3.26 mmol) were dissolved in 5 ml of dry ethyl acetate and it was slowly added to the reaction mixture under nitrogen at 50°C. It was stirred for 12 h. When the reaction was complete 250 ml DI water was added and allowed to stir for 2 h at room temperature. Then it was extracted with 1 M HCl (200 ml × 3), 1 M NaHSO4 (200 ml × 3), 10% Na2CO3, saturated NaCl (200 ml), and it was dried under anhydrous MgSO4. Ethyl acetate was evaporated to give 3.15 g with a 91% yield. 1H NMR (400 MHz, CDCl3) δ 5.19 (s, 4H), 4.31–4.19 (m, 8H), 4.02 (d, J = 2.4 Hz, 4H), 3.38 (q, J = 6.2 Hz, 8H), 3.33 (s, 2H), 2.55 (t, J = 5.9 Hz, 8H), 1.27 (s, 6H), 1.02 (s, 3H).
Synthesis Route of TRPZ-bisMPA
Synthesis of 3,4-dichloro-1-(prop-2-yn-1-yl)-1H-pyrrole-2,5-dione (9): A total of 0.40 g of dichloromaleimide (2.40 mmol) and 2-ethylhexylbromide (0.48 ml, 2.9 mmol) and DMF (10 ml) in a 2-neck round bottom flask under nitrogen. The mixture was vigorously stirred at 140°C for 24 h. After that, the solution was quenched with 0.1 M HCl and extracted with diethyl ether. The organic layer was dried over Na2SO4 and concentrated under reduced pressure, and purification by silica gel column chromatography (30% DCM/Hexane) resulted in a cream-colored powder of N-(propargyl) dichloromaleimide (0.554 g, 90%). 1H NMR (400 MHz, CDCl3) δ 4.31–4.30(d), 2.23(s).
Synthesis of TRPZ-Propagyl (10): A mixture of 2-aminothiophenol (0.386 g, 2.8 mmol) and N-(propargyl) dichloromaleimide (0.30 g, 1.4 mmol) was dissolved in 24 ml of acetic acid. The reaction mixture was refluxed under a nitrogen atmosphere for 24 h. After being cooled to room temperature, the mixture was quenched with brine and extracted with ethyl acetate. The organic layer was separated, dried over anhydrous Na2SO4, and concentrated under reduced pressure. The product was purified via flash column chromatography (30% chloroform/hexane) and obtained as orange solid (0.18 g, 50%). 1H NMR (400 MHz, chloroform-d) 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.0 Hz, 2H), 7.34–7.26 (m, 4H), 7.18 (ddd, J = 8.3, 7.2, 1.4 Hz, 2H), 5.20 (s, 2H), 2.29 (t, J = 2.5 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 148.79, 136.97, 130.48, 128.26, 127.11, 126.57, 111.17, 77.23, 73.36, 33.08. 1H–1H correlation spectroscopy (COSY) spectrum is provided in the SI. HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for C19H11N3S2 345.0394; Found 345.0365 with an isotope pattern similar to the predicted pattern.
Synthesis of TRPZ-bisMPA-amine-BOC (11): This procedure was modified from previously reported procedures (Ihre et al., 1998). To the stirred solution of A-MPA-4-ala (0.60 g, 0.56 mmol), TRPZ-propagyl (0.29 g, 0.84 mmol) in 8 ml of DMF, CuBr (322 mg, 2.21 mmol) was added under nitrogen flushing. After complete addition, N,N,N′,N″,N″-pentamethyldiethylenetriamine (PMDETA) (388 mg, 2.30 mmol) was added and allowed to stir under nitrogen at 55°C for 48 h. The reaction mixture was precipitated to 200 ml diethyl ether. After settling, the diethyl ether layer was decanted, and the remaining product was air-dried. This precipitation, decanting, and the air-drying process was repeated twice more. The crude product was dissolved in 100 ml of DCM. It was extracted with 0.1 M EDTA solution. It was further purified using size exclusion chromatography (Sephadex LH-20) to give 0.59 g of TRPZ-bisMPA-amine-Boc with 74% yield. 1H NMR (400 MHz, DMSO-d6) δ 8.03 (s, 1H), 7.51 (d, J = 7.9 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.22 (t, J = 7.6 Hz, 2H), 6.77 (s, 4H), 5.32 (s, 2H), 4.41 (s, 2H), 4.16 (d, J = 11.9 Hz, 8H), 3.94 (s, 4H), 3.12 (d, J = 6.4 Hz, 8H), 2.41 (t, J = 7.4 Hz, 8H), 1.34 (s, 36H), 1.17 (d, J = 20.4 Hz, 6H), 0.84 (s, 3H). HRMS (ESI/Q-TOF) m/z: [M + H]+ Calcd for C66H90N10O20S2 1407.5852; Found 1407.5813 with an isotope pattern similar to the predicted pattern.
Synthesis of TRPZ-bisMPA (12): TRPZ-bisMPA-amine-Boc was dissolved in 5 ml of chloroform and 2 ml of trifluoroacetic acid (TFA) was slowly added and stirred for 45 min. The reaction mixture was air-dried and dissolved in 10 ml of chloroform. It was added dropwise to 500 ml of diethyl ether and stirred for 2 h. It was filtered, and the precipitation procedure was repeated three times. Finally, the resulting solid was put under the vacuum for 24 h to give 0.39 g of the pure product with 93% yield. The formation of the TRPZ-bisMPA was confirmed via the disappearance of BOC groups (1.34 ppm). 1H NMR (400 MHz, DMSO-d6) δ 8.07 (s, 1H), 7.53 (d, J = 7.8 Hz, 2H), 7.44 (d, J = 7.8 Hz, 2H), 7.33 (t, J = 7.7 Hz, 2H), 7.24 (t, J = 7.6 Hz, 2H), 5.33 (s, 2H), 4.42 (s, 2H), 4.22 (d, J = 11.5 Hz, 8H), 3.94 (s, 4H), 3.01 (q, J = 6.2 Hz, 8H), 2.64 (d, J = 7.1 Hz, 8H), 1.17 (s, 6H), 0.85 (s, 3H).
Preparation and Characterization of Nanoparticles
For the nanoprecipitation method (Chandrasiri et al., 2020), 100 μL tetrahydrofuran (THF) was used as the organic solvent to dissolve 2 mg of TRPZ-bisMPA separate glass vial. The solution was added dropwise to a separate vial of Milli-Q water at pH 7.0 (2 ml) while gently stirring to obtain a 1 mg/ml final concentration. THF was allowed to evaporate under a stream of nitrogen. NP solutions were allowed to equilibrate for 12 h before further study.
TRPZ-127 NPs was prepared and modified according to the previously reported procedure (Wu et al., 2017). First, TRPZ-PG (2 mg) was dissolved under rapid sonication in THF (2 ml). Then, a THF solution (1 ml) containing TRPZ-PG (1 mg/ml) and Pluronic F-127 (5 mg/ml) was used to prepare TRPZ-127 NPs by rapidly injecting the solution into deionized water (1 ml) under continuous sonication using a bath sonicator. After sonication for an additional 1 min, THF was evaporated under a nitrogen atmosphere.
Aggregate sizes and ζ-potentials measurements were carried out on a Malvern Instrument Zetasizer Nano ZS using a He–Ne laser with a 633 nm wavelength, a detector angle of 173o at 25°C. The size measurements were performed in triplicate for each sample at 0.5 mg/ml concentration to ensure consistency. The morphological study of the aggregates formed from the NPs was carried out by TEM using a JEOL 1230 TEM operated at 100 kV to collect the TEM images using a Gatan Orius 831 bottom mounted CCD camera.
Absorption and Photoluminescence Assessment
The absorption measurements were done on a Varian Cary-5000 spectrometer (Dorval, QC, Canada). While the fluorescence studies were performed on Horiba Quantamaster fluorimeter with a xenon lamp and PMT detector using glass cuvettes. Fluorescence quantum yields were measured with samples of low sample concentration (10–5 M) and excited close to their maximum absorption. The spectroscopic energy gap ([image: image]) was calculated from the onset of absorbance (Li et al., 2012).
Cell Viability, Treatment and Imaging
Human embryonic kidney (HEK293) cells were used for the assay. HEK cells were grown under standard conditions (37°C, 5% CO2, DMEM media with 10% FBS). Nanoparticles were added to tissue culture media and allowed 24 h incubation period in cytotoxicity studies. Cytotoxicity of the nanoparticles was evaluated with a CyQUANT LDH Cytotoxicity Assay Kit (Invitrogen) using a microplate reader (BioTek Synergy H1). Following manufacturer protocols, both negative and positive controls are used in the assay. Experimental values are transformed based on two values: zero-cytotoxicity value (background) and 100% cytotoxicity value (cells treated with lysis buffer based on manufacturer protocol). Each experiment is represented by relative values based on the control values. Imaging of particle distribution in cells was done 30 min after the addition of 10 μg/ml NPs to culture media. TRPZ fluorescence in HEK cells was observed with a Leica Stellaris STED confocal microscope using both conventional and STED modes.
RESULTS AND DISCUSSION
Design and Synthesis
TRPZ, first discovered by Dimroth and Reicheneder (1969), possesses a simple yet fascinating molecular structure. Its pi-framework and redox properties have made it beneficial in the field of organic electronics. TRPZ, being planar in structure, can undergo efficient crystalline packing via intermolecular sulfur–sulfur interactions and hydrogen bonding between pyrrole hydrogens and thiazine nitrogens (Hong et al., 2008; Hong et al., 2009). The molecule has multiple reactive sites which can be functionalized to increase its solubility and be further developed using electron-withdrawing and electron-donating groups to afford donor-acceptor oligomers with exceptional optical properties.
Based on its unique properties, we aimed to expand the application of this unique emissive building block towards bioimaging. However, due to its hydrophobic nature, we sought to modify TRPZ via N-substitution of the central pyrrole to produce a self-assembling amphiphile. To induce amphiphilicity and promote self-assembly, bisMPA was selected as the dendritic segment. A hydrophilic moiety, its synthetic accessibility allows esterification under mild reaction conditions and provides a level of biodegradability and biocompatibility (Feliu et al., 2012). Additionally, it was capped with alanine to afford a cationic surface to increase colloidal stability, cellular uptake and better its water solubility (Gessner et al., 2002; Lipfert et al., 2014; Dragoman et al., 2017). This amphiphilic property is expected to make TRPZ capable of forming NPs independently, TRPZ-bisMPA NPs.
The resulting NP morphology is anticipated to be that of a micelle structure in which the dendron extends towards the hydrophilic water surface protecting the hydrophobic TRPZ portion within the core. The positively charged terminal ends of the amphiphile would effectively stabilize the NPs via electrostatic interactions.
In parallel, we compared NPs formed from TRPZ-bisMPA with conventional nanostructures in which a surfactant polymer is employed to encapsulate hydrophobic dyes. We encapsulated TRPZ-PG into a water-soluble polymer surfactant (Pluronic F-127), TRPZ-127 NPs. Although frequently employed, the encapsulation strategy has significant drawbacks (e.g., poor loading) that limit its application. Often the nature of the molecule being encapsulated has varying physiochemical properties that contrast to the solubilizing block of the amphiphilic polymer being employed. This, of course, leads to lower encapsulation efficiencies and can destabilize the resulting nanostructure (Jeong et al., 2020). By assessing the two NP systems, TRPZ-bisMPA NPs and TRPZ-127 NPs, we aim to explore the former as a versatile molecular bioimaging probe suitable for numerous biomedical applications.
The synthesis of the dendron segment, A-MPA-4-ala (8), is shown in Scheme 1, which consists of a seven-step synthetic route. In the first step, the 1,3-diol moiety of bisMPA (1) was protected to afford compound 2 by reaction of bisMPA with 2,2-dimethoxypropane and a catalytic amount of p-toluenesulfonic acid (TsOH) in dry acetone. In order to make the hydroxyl group a better leaving group, compound 2 was reacted with p-toluenesulfonyl chloride (TsCl) in pyridine to obtain compound 3. The next step, the azido group, was substituted using sodium azide (NaN3) and DMF to obtain compound 4. The following step was carried out to deprotect dimethoxy moiety using an anion exchange resin-Dowex to obtain compound 5. Before proceeding to the next step, 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid was synthesized using a similar method to compound 2. Then, 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid was employed in a Malkoch esterification (García-Gallego et al., 2015) with compound 5, using 1,1′-carbonyldiimidazole (CDI) to activate the carbonyl group and cesium fluoride (CsF) as a catalyst to obtain compound 6. Dowex deprotection was done in the next step to obtain compound 7. The final step was esterification between beta-alanine and compound 7 to obtain A-MPA-4-ala.
[image: Scheme 1]SCHEME 1 | Synthesis of dendron segment, A-MPA-4-ala; the synthesis was modified accordingly using previously reported procedures (Yaddehige et al., 2020).
The synthesis of TRPZ-bisMPA (12) consists of four synthetic steps (Scheme 2). First, dichloromaleimide was propargylated at the nitrogen position to obtain compound 9. TRPZ-PG was synthesized via a condensation method between 2-aminothiophenol and N-(propargyl) dichloromaleimide (compound 10). Then TRPZ-PG (10) and A-MPA-4-ala (8) were reacted using click-chemistry to obtain TRPZ-bisMPA-amine-Boc (compound 11). Finally, acid was used for deprotection of the tert-butyl carbamates (BOC) protected amine groups to afford a cationic terminated TRPZ-bisMPA amphiphile (compound 12).
[image: Scheme 2]SCHEME 2 | Synthesis route for TRPZ-bisMPA.
Self-Assembly and Nanoparticle Formation
The particle formation for TRPZ-bisMPA was done by nanoprecipitation. The hydrodynamic diameter was analyzed via dynamic light scattering (DLS) (Supplementary Figure S8A). Supplementary Table S1 summarizes the sizes and surface charges for the NPs formed. Nanoprecipitation affords NPs with a spherical morphology possessing a hydrodynamic diameter of 129.9 nm (±20). The polydispersity (PDI) for TRPZ-bisMPA NPs indicated high uniformity with values around 0.2. Figure 2A shows transmission electron microscopy (TEM) images for TRPZ-bisMPA NPs. TEM images support DLS data and provide direct evidence of NP formation with a diameter of 155.1 nm (±16).
[image: Figure 2]FIGURE 2 | TEM image of a TRPZ-bisMPA NPs (A) and TEM image of a TRPZ-127 NPs (B) in Milli-Q water from nanoprecipitation method. Additional images are provided in the SI.
For comparison, TRPZ-PG was encapsulated with Pluronic F-127 (Mw = 12.6 kDa). It is not readily soluble in water unless incorporated within a water-soluble surfactant. Pluronic F-127 is known to self-assembly independently with sizes that are much smaller than those observed in this study (<50 nm) (Domínguez-Delgado et al., 2016). The DLS data indicates a larger NPs assembly than that of TRPZ-bisMPA NPs. TRPZ-127 NPs exhibit a hydrodynamic diameter of 323.5 nm (±97 nm) (Supplementary Figure S8B) and PDI of 0.19. TEM images of TRPZ-127 NPs show spherical assemblies with average diameters of 181.5 nm (±66) (Figure 2B). The encapsulation efficiency (EE%) of 38.5% and dye loading efficiency (DL%) of 7.1% are tabulated in the SI.
Surface properties of the NPs via ζ-potential values aid in supporting the sizes obtained from DLS and TEM. The ζ-potential, which depends on the surface charge, is essential for the stability of NPs in suspension. Additionally, it is a critical factor in regards to the function and toxicity of NPs specifically for biological application. TRPZ-bisMPA NPs exhibit ζ-potentials of 17.2 mV. The positive charge results from the outer surface consisting of cationic amines. In contrast, TRPZ-127 NPs show -0.5 mV of average surface charge, which is close to neutral due to the lack of charge on the polymer surfactant used. The positive surface charge on TRPZ-bisMPA NPs corresponds to small and more stable aggregates (Kumar and Dixit, 2017).
Photophysical Properties
The normalized absorption and emission spectra of TRPZ and its NPs are shown in Figure 3 with additional photophysical data tabulated in Table 1. In a comparison of TRPZ-PG fluorophore with the two NP suspensions, TRPZ-PG shows two major absorbance peaks at 447 and 478 nm in THF (Figure 3A). The band at 447 nm can be assigned to the pi to pi* electronic transition of the phenyl rings. Bands at 478 nm are assigned to the n to pi* transitions. The calculated optical band gap of the TRPZ-PG is 2.46 eV (onset: 504 nm). The emission maximum of the fluorophore is at 678 nm with a Stokes shift of 0.76 eV (200 nm). Note that the propargyl group does not contribute to the observed photophysical properties via pi orbital overlap.
[image: Figure 3]FIGURE 3 | Normalized absorbance and emission profiles for TRPZ-PG (A) in THF, TRPZ-127 NPs (B) and TRPZ-bisMPA NPs (C) in Milli-Q water.
TABLE 1 | Optical properties of the TR-PZ systems dye in THFa and NPs in waterb.
[image: Table 1]For the NPs, noticeable broadening and red-shifting (2–16 nm) in the spectra suggest enhanced intermolecular interactions due to aggregation in the NP core. TRPZ-127 NPs display three absorbance peaks at 452 nm, 480 nm, and 515 nm in water, as shown in normalized absorbance spectra (Figure 3B). Compared to both TRPZ-PG and TRPZ-bisMPA NPs, a peak shoulder at 515 nm is observed, presumably due to a differing aggregation pattern within the particle. TRPZ-127 NPs possess a weak emission and is blue-shifted towards 563 and 606 nm relative to TRPZ-PG.
Interestingly there is a contrast in optical properties between the amphiphile and encapsulated TRPZ. TRPZ-bisMPA NPs show absorbance peaks at 460 and 494 nm in water (Figure 3C). Upon excitation, TRPZ-bisMPA NPs exhibit a strong neon green fluorescence with an emission band centered at 695 nm and a Stokes shift of 0.72 eV (201 nm). The optical profile for TRPZ-bisMPA NPs resembles that of “free” TRPZ-PG in THF, with a 20 nm red shift for the latter. This behavior is presumably due to an aggregation behavior that is reminiscent of a monomeric form (e.g., “free” or non-aggregated TRPZ-PG form) of the dye with extended electron delocalization. The weaker emission of TRPZ127 NPs relative to TRPZ-bisMPA NPs is supported by a negative solvatochromism observed for TRPZ-PG (Supplementary Figure S13). These results suggest that TRPZ-PG possesses a nonpolar excited state and can form high-energy aggregates (e.g., H-aggregates) that are not dominant with the amphiphilic derivative.
The Stokes shifts observed for the molecules and NP suspension are quite significant. Large Stokes shifts are important when overcoming spectral overlapping to retain good signal-to-noise ratios for bioimaging applications. Additionally, a large Stokes shift can be indicative of a number of photophysical causes such as intramolecular charge transfer (ICT), (Yang et al., 2013), low reorganization energy, (Chen et al., 2019), and exciplex formation (Horváth et al., 2015). Among the aforementioned reasons, the Stokes shifts observed for TRPZ and its NPs are presumably due to the emission facilitated by the proaromatic pyrrole trapped in the quinoidal structure (Wu et al., 2010; Brogdon et al., 2016). Computational calculations for TRPZ-bisMPA support this notion where HOMO orbitals showed proaromatic molecular orbitals (MOs) and an aromatic excited state (LUMO) predominately at the pyrrole ring (Supplementary Figure S10). Electron localization function (ELF) and localized-orbital locator (LOL) analysis and profiles (Supplementary Figure S11) were employed to further support our hypothesis regarding proaromaticity. ELF has been widely used to evaluate electron localization while LOL offers insight on localized bonding features (Schmider and Becke, 2000; Tsirelson and Stash, 2002). Using the ELF-pi analysis, the aromatic rings display high electron delocalization where they are clearly separated from those with localized bonding. As expected, the ELF-pi values and analysis of bond orbitals confirm aromaticity. Additionally, localization functions show aromaticity following excitation which is a signature of proaromaticity (Cocq et al., 2015).
Along with a large Stokes shift, TRPZ-bisMPA NPs possess a high quantum yield (Φ) in water, Φ = 49%. Typically, the Φ for conventional bioimaging dyes are much lower in water due to unfavorable solvent-solute interactions, which induce non-radiative pathways and quench emission (Lakowicz, 2006; Hong et al., 2016). In this case, self-assembly of the amphiphile reduces dye-water interactions and aids to maintain the optical properties of a monomeric form of the dye (e.g., TRPZ-PG) (Zhegalova et al., 2014). TRPZ-127 NPs show weaker emission and lower Φ of 0.5% in water, most likely due to a variation in the aggregation patterns of TRPZ and the formation of H-aggregates inside the NP. TRPZ-PG fluorophore displays a decent Φ in organic solvents (Φ = 79% in THF). However, due to its poor solubility, comparison in aqueous media was not achievable.
Experimental lifetime plots are shown in SI (Supplementary Figures S14–S16). Fluorescent lifetime (τ) expresses the time allocated by a fluorophore in the excited state before relaxing to the ground state. Additionally, fluorescence lifetime measurements are highly sensitive to the surrounding environment (Boreham et al., 2016). TRPZ-PG in THF shows a signal exponential component of 5.3 ns and TRPZ-bisMPA NPs exhibits a lifetime of 6.3 ns. In contrast, TRPZ-127 NPs shows a dual exponential lifetime: t1 of 0.8 ns and t2 of 5.7 ns. The two exponentials are due to both the aggregated and monomeric (e.g., non-aggregated) form being present inside the NP. When compared with TRPZ-PG and the absence of a lower (t1) value, the lifetime of 0.8 ns can be assigned to high-energy aggregates, which in this case is the dominant form (66.9%).
Cellular Viability, Uptake, and Imaging
The impact of the NPs on cell viability was tested by LDH assay (Figure 4A). Even at very high concentrations, a negligible effect was seen on cell viability. Analysis by Tukey ANOVA found no significant difference between conditions. In vivo testing will be needed to further assess the effect of the NPs on physiology; however, these results suggest our NPs will be well-tolerated in biological environments.
[image: Figure 4]FIGURE 4 | Cell viability and uptake of TRPZ nanoparticles (A) Percent cell viability after treatment with TRPZ-bisMPA NPs and TRPZ-127 NPs. Concentrations tested listed below. No significant difference was seen between any condition as determined by Tukey ANOVA (B–G). Fluorescence microscopy of TRPZ-bisMPA NPs (B–D) and TRPZ-127 NPs (E–G) localization after cell loading. Images were acquired by conventional confocal microscopy (B,E) or STED (D,G). Brightfield images were overlaid with fluorescence imaging (C,F). Red arrow indicates a labeled lysosome. White triangle in TRPZ-127 NPs images shows nuclear membrane. Enlargement located in the SI.
Confocal microscopy found that both TRPZ-bisMPA NPs and TRPZ-127 NPs accumulate most significantly in endosomes (Figures 4B–G). The cationic surface charge of TRPZ-bisMPA NPs leads to apparent cellular uptake via electrostatic interactions with anionic cell membranes. Similar results have been observed with other dendrimer-based NPs modified with anime groups (Morris et al., 2017; Ray et al., 2018; Ingle et al., 2020). Likely owing to the polar groups on the MPA dendron, TRPZ fluorescence is observed throughout the interior of the lysosome (Figure 4D).
TRPZ-127 NPs show not only accumulation in the lysosome but also labeling of various cellular membranes, including nuclear membranes (Figures 4E,F). Staining of the nuclear membrane indicates that TRPZ fluorescence has spread throughout the endomembrane system, trafficking all the way to the endoplasmic reticulum (ER). Stimulated emission depletion microscopy (STED) images of TRPZ-127 NPs and TRPZ-bisMPA NPs aid in comparing cellular uptake where fluorescence labeling is localized to the membrane of the organelle and not the interior, as observed with TRPZ-bisMPA NPs (Figures 4D,G; Supplementary Figure S17). It appears that TRPZ-127 is much more aggressively loading into cells; however, this is not the case. We speculate that the encapsulated dye may have escaped its NPs and, due to its hydrophobic nature, became embedded into membrane interiors. The unloaded dye being hydrophobic actively segregates into cells while TRPZ-bisMPA NPs remain intact and localized in the lysosome.
CONCLUSION
In summary, a comparative analysis of two NP systems was conducted. Evaluation via spectroscopic, light scattering and microscopic techniques confirm colloidal stability and provided insight on photophysical properties of the molecular scaffold as a potential bioimaging agent. Cell viability studies indicate low cytotoxicity of the materials and their suitability for biological application. However, cellular distribution of TRPZ originating from the two sets of NPs suggests a fundamentally different interaction with cells. Such results suggest that a variation in formulation could be used for different fundamental applications. Overall the approach described here opens up avenues towards developing fluorescent NPs from a simple yet appealing scaffold to afford materials with tuneable properties for bioimaging applications.
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In the present work, we have developed a new indicator displacement system based on pillararene for anionic water-soluble carboxylato pillar [6] arene (WP6) and aromatic fluorescent dye safranine T (ST). A large fluorescence enhancement and colour change of ST were observed after complexation with electron-rich cavity in WP6 because of host-guest twisted intramolecular charge-transfer interactions. The constructed pillararene-indicator displacement system can be applied for caffeine selective detection in water.
Keywords: pillararene, host-guest complex, fluorescent, indicator displacement assay, caffeine sensing
INTRODUCTION
Fluorescent indicator displacement assays (F-IDAs) are typically used to convert synthetic receptors into optical sensors in supramolecular chemistry. In F-IDAs, the competitive binding principle is used: after binding a fluorescent indicator to the receptor, when a competing analyte is introduced into the indicator–receptor pair, the indicator is discharged from the receptor to induce a fluorescence change (Wiskur, et al., 2001;Nguyen and Anslyn, 2006). Macrocyclic hosts typically provide ideal receptors for use because of their particular composition and excellent functions. The macrocyclic hosts, such as cyclodextrins (Crini, 2014; Pal, et al., 2015), calixarenes (Koh, et al., 1996; Hennig, et al., 2007; Guo and Liu, 2014; Zheng, et al., 2018), cucurbiturils (Florea and Nau, 2011; Praetorius, et al., 2008; Barrow, et al., 2015; Sonzini, et al., 2017) and pillararenes (Wang P, et al., 2014; Bojtár, et al., 2015; Bojtár, et al., 2016; Hua, et al., 2016; Bojtár, et al., 2017; Hua, et al., 2018; Xiao, et al., 2018, Xiao, et al., 2019a; Xiao, et al., 2019b), combined with various dyes have been applied as receptors in F-IDAs for specific and selective sensing in drugs, biomolecules, or other organic compounds.
This study established an FID assay with a water-soluble pillararene for caffeine detection. Caffeine is the most widely consumed psychostimulant drug worldwide. Appropriate caffeine intake may enhance alertness, attention, and nerve cell activity and decrease the possibility of type 2 diabetes. However, excessive intake of caffeine may possibly cause a headache, high blood pressure, irregular small muscle movement, and allergy, especially in teenagers and pregnant women (Nehlig, et al., 1992; Rapuri, et al., 2001; Smith, 2002; Lovallo et al., 2005). Caffeine detection can be realised with costly and complex methods, such as HPLC-MS and immunoassay (Wu, et al., 2000; Oberleitner, et al., 2014). Therefore, caffeine detection remains inconvenient for public usage. Thus, we realised novel host–guest recognition between water-soluble pillararene (WP6) and safranine T (ST) and revealed the operation of this host–guest recognition motif as an FID assay in caffeine detection (Scheme 1). The assay seems selective for theophylline and theobromine.
[image: Scheme 1]SCHEME 1 | Chemical structures and cartoon presentations of WP6, ST and caffeine and illustration of the turn-off fluorescence detection of caffeine through indicator displacement process.
MATERIALS AND METHODS
The reagents used were marketable and applied directly without further purification. WP6 (Yu et al., 2012) was synthesized by following the known procedures. Nuclear magnetic resonance (NMR) spectra were obtained using the Bruker Avance III HD 400 spectrometer with the deuterated solvent as the lock and the residual solvent as the internal reference. Fluorescence spectra were obtained by using the Agilent Cary Eclipse fluorescence spectrophotometer. To prevent the dilution effect during titration, WP6 stock solutions were produced using the same ST solution. The measurement was repeated three times for each experiment. Displacement assay for theophylline and theobromine was performed at pH 7.2 with WP6 at varying concentrations of theophylline and theobromine, respectively. All the experiments were conducted at room temperature (298 K).
RESULTS AND DISCUSSION
Complexation of ST With WP6
To study the host–guest complexation between WP6 and ST, 1H NMR spectroscopy was first performed. Given that the complex solubility of neat D2O did not occur at the mM scale, DMSO-d6 cosolvent was supplemented. According to Figure 1, ST aromatic protons in the complex shifted upfield to varying degrees. This result revealed that ST was encapsulated by WP6 cavity and protons on ST were shielded by the electron-rich cyclic structure when the inclusion complex formed (Wang Y. et al., 2014). The characteristic signal broadening of the protons on ST was observed because of the shielding effects of the aromatic host (Li et al., 2010). Furthermore, protons on WP6 revealed minor chemical shifts resulting from host–guest interactions between WP6 and ST.
[image: Figure 1]FIGURE 1 | Partial 1H NMR spectra (400 MHz, D2O:DMSO-d6 = 1:1, 298 K) for (A) 3 mM WP6, (B) 3 mM WP6 and 10 mM ST, (C) 10 mM ST.
The formation of host–guest complex between WP6 and ST was further confirmed through UV-vis absorption spectroscopy. (Figure 2). A broad absorption band above 555 nm, corresponding to the charge-transfer interaction between electron-rich WP6 and electron-deficient ST, was observed. Furthermore, after adding WP6 to ST, a red shift appeared, which indicated that a representative charge-transfer complex was formed (Wang Y et al., 2014). The fluorescence titration of ST with WP6 was performed under ambient temperature in water. According to. Figure 3A, an enhancement in fluorescence and a red shift in the emission spectra were observed with the progressive supplement of WP6, which indicated that a strong supramolecular complex was formed. These changes may arise from the formation of twisted intramolecular charge transfer (TICT) state when ST occupied the WP6 cavity in the aqueous buffer. Under the TICT state, the phenyl or phenazinyl group is assumed to rotate around bonds that connect them to the central single bond. The twisting movement is subjected to restriction of the encapsulated ST guest, leading to enhanced fluorescence (Grabowski et al., 2003; Bojtár, et al., 2015).
[image: Figure 2]FIGURE 2 | UV-vis spectra for (A) WP6, (B) ST, and (C) ST in the presence of 50 equiv. of WP6 (1 × 10−3 M) in PBS (pH = 7.2). The inserted photo displays the colour changes related to ST with the addition of WP6.
[image: Figure 3]FIGURE 3 | (A) Changes of the fluorescence intensity in ST (0.02 mM) upon the titration of WP6 (0–25 equiv.) in PBS (λex = 523 nm, λem = 584 nm, pH = 7.2). The inserted photo exhibits an enhancement in fluorescence in water under excitation at 365 nm via the UV lamp at 298 K. (B) Fluorescence titration for the competitive displacement of ST (0.02 mM) from WP6 (0.3 mM) using caffeine (0–150 equiv.) in PBS at pH 7.2 (λex = 523 nm, λem = 584 nm). The inserted photo exhibits the corresponding fluorescence quenching in water under excitation at 365 nm via the UV lamp at 298 K.
The association constant (Ka) and the optical spectroscopic data of ST and corresponding WP6 complex are listed in Table 1, which presents a comparison with the data of ST complexes with β-cyclodextrin, ST⊂β-CD (Zhang et al., 2005), disulphide bridged β–cyclodextrin, ST⊂SS-β-CD (Yang et al., 2017), and γ-cyclodextrin, ST⊂γ-CD (Wang et al., 2012). An association constant of Ka = (1.50 ± 0.06) × 104 M−1 was obtained using a nonlinear fitting to the fluorescence spectra, measured by titration experiments. The stoichiometry of 1:1 for the complexes was tested with the molar ratio approach, based on the fluorescence data related to WP6-ST mixtures.
TABLE 1 | Association constants (Ka) and optical spectroscopic data for the complexes of ST with WP6 and other macrocycles.
[image: Table 1]The optimal association constant revealed system applicability to FID. The spectroscopic data for complex ST⊂WP6 were similar to the spectroscopic data for the complex of the dye containing SS-β-CD, ST⊂β-CD (Yang et al., 2017), which proved the similarity of polarity of these two macrocycles. However, because of the weak interactions, the association constant with the uncharged cyclodextrin was lowered by an order of magnitude.
Complexation of Caffeine, Theophylline, and Theobromine With WP6
Next, for evaluating analyte complexation, 1H NMR spectra were obtained for caffeine, theophylline, and theobromine. Supplementary Figure S1 reveals that all the proton signals of caffeine shifted upfield at various extents, which indicated that caffeine was threaded into the host cavity. Furthermore, according to the 2D NOESY spectrum (Supplementary Figure S4), NOE correlation signals were obtained between protons Ha-d of caffeine and proton H1 on WP6, verifying WP6’s assignment for the caffeine threaded structure. Signals from the NMR spectra for theophylline and theobromine exhibited similar changes after adding WP6 (Supplementary Figures S2, S3).
Next, fluorescence titrations were performed at 298 K in PBS at pH 7.2 for estimating the binding behaviours of WP6 with caffeine, theophylline, and theobromine in a quantitative manner. Job plots (Supplementary Figure S8) drawn using fluorescence titration data suggest WP6 and the three guests in a 1:1 host–guest complex of the aqueous solution, respectively. Based on the nonlinear curve-fitting approach (Supplementary Figures S10, S11), the measured association constants (Ka) were (2.51 ± 0.24) × 104 M−1, (9.30 ± 0.04) × 103 M−1, and (9.14 ± 0.08) × 103 M−1 for caffeine, theophylline, and theobromine, respectively. The Ka value for the binding of caffeine is approximately an order of magnitude greater than the binding of theophylline and theobromine.
Fluorescent Indicator Displacement
Next, the indicator displacement process was used to measure the nonfluorescent host–indicator complex to detect caffeine. Figure 3B displays the typical process of displacement titration. When caffeine was gradually added into a mixed PBS solution with ST and WP6, fluorescence intensity quenching was apparent. The result proved that the added caffeine was able to rival with ST to push the indicator from the WP6 cavity. The following optical changes could be attributed to the formation of the caffeine⊂WP6 complex, which exhibited higher stability compared with ST⊂WP6. Furthermore, the ‘turn-off’ fluorescence changes resulting from caffeine addition could be observed by naked eyes by using a simple UV lamp (Figure 3B ). The results indicate that the applicability of the ST⊂WP6 complex to an F-IDA for sensing anticancer drug caffeine.
The ST⊂WP6 system as a caffeine sensor exhibited higher selectivity than theophylline and theobromine. Theophylline and theobromine at the same concentration (2 mM) were added to the solution of the ST⊂WP6 complex, respectively. Figure 4 displays changes of the fluorescence ratio I/I0 in the ST⊂WP6 complex on the addition of theophylline and theobromine, respectively. Negligible fluorescence changes were observed following the addition of theophylline and theobromine. Under the used conditions, theophylline and theobromine induced limited interference in the caffeine selective responses, suggesting the prominent selectivity of the method for caffeine. This selectivity can be attributed to the difference in binding constants between the host WP6 and the guests.
[image: Figure 4]FIGURE 4 | Fluorescence spectra for ST (0.02 mM) + WP6 (0.35 mM) with caffeine (2 mM), theophylline (2 mM), and theobromine (2 mM), respectively.
CONCLUSION
In conclusion, a new host–indicator composed of an electron-deficient dye ST and anionic water-soluble pillar[6] arene WP6 was developed. After the ST⊂WP6 complex was formed, the twisted intramolecular charge-transfer-induced fluorescence enhancement and solution colour changes were apparent. Furthermore, this supramolecular system was successfully applied as a fluorescent indicator displacement assay to detect caffeine. Large signal modulation and a selective response towards caffeine against theophylline and theobromine were observed.
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An easy and fast method to achieve chiral porphyrin films on glass is herein reported. The on-surface formation of organized supramolecular architectures with distinctive and remarkable chiroptical features strictly depends on the macrocycles used, the solvent chosen for the casting deposition, and most importantly, on the roughness of the glass slide. Dynamic light scattering studies performed on 10−4–10−6 M porphyrin solutions revealed the presence of small porphyrin aggregates, whose size and number increase depending on the initial concentration. Once transferred on surface, these protoaggregates act as nucleation seeds for the following, self-assembling into larger structures upon solvent evaporation, with a process driven by a fine balance between intermolecular and molecule–substrate interactions. The described method represents a straightforward way to fabricate porphyrin-based chiral surfaces onto a transparent and economic substrate in few minutes. The results obtained can be particularly promising for the development of sensors based on stereoselective optical active films, targeting the detection of chiral analytes of practical relevance, such as the so-called emerging pollutants released in the environment from agrochemical, food, and pharmaceutical manufacturing.
Keywords: porphyrins, drop-casting, solvent effect, glass surface, self-aggregation, dynamic light scattering, supramolecular chirality
INTRODUCTION
The understanding of chirality at solid surfaces is of ever-growing importance, and an increasing number of studies have been reported over the years to shed light on the fundamentals and practices in achieving chiral surfaces with definite enantioselectivity (Gellman, 2010; Zaera, 2017; Albano et al., 2020; Xu et al., 2021). As a matter of fact, chirality can be observed or provided to achiral surfaces taking advantage of several options spanning from the addition of chiral modifiers (Zaera, 2008), the adsorbing of chiral molecules at ultra-high vacuum (Costa et al., 2015), or from liquid phase (Huang et al., 2003), or even by self-assembly of achiral molecules that form chiral domains thanks to the surface dimensional constraints (Tao and Bernasek, 2005). Specifically for the transfer of chiral molecules from solution to surface, the final chiroptical features are strictly dependent on a combination of different forces controlling the supramolecular organization in solution as well as the interaction/adsorption with the specific substrate. Over the course of our research, we found that various amphiphilic porphyrin derivatives bearing a stereogenic information on the peripheral molecular positions form chiral mesoscopic structures of tunable size in different hydro–organic media, depending on the interplaying of structural motifs and solvent bulk properties (i.e., type and relative ratio of the hydro–organic mixture used, ionic strength, and monomer concentration) (Monti et al., 2010; Caroleo et al., 2019; Stefanelli et al., 2020a). Within this set of tetrapyrroles, cationic derivatives functionalized with a peripheral (L)-proline moiety have been also exploited for the preparation of chiral films to be applied for sensor development. Two strategies have been basically reported: 1) the steering of the self-aggregation of chiral porphyrin monomers in ethanol/water mixture of proper composition to give in 1–2 days chiral assemblies that spontaneously layer on glass substrate dipped into the solution (Monti et al., 2011); 2) the use of Langmuir–Blodgett technique to assemble the porphyrin molecules onto a glass surface in chiral multilayers through air/water interfacial organization (Colozza et al., 2019). Films based on the anionic counterpart (L)ZnP(-) (Scheme 1) anchored to ZnO nanoparticles have been also chirally organized on quartz microbalance surfaces and used for the stereoselective recognition of limonene enantiomer vapors (M. Stefanelli et al., 2019). The need of realizing cost-effective and easy to handle sensor platforms prompted us to access the chiral films on common solid supports by simple operation of all the stages, starting with material preparation to film deposition. Additionally, the achievement of a convenient signal for the detection is highly desirable. With this aim in mind, we have carried out the studies herein reported, concerning the development of a straightforward method to fabricate optically active films on glass by drop-casting of (L) or (D)-prolinated porphyrin building blocks dissolved in suitable organic solvents (Scheme 1). The choice of glass as substrate for film deposition is mainly due to its optical transparency that makes the layer chirality assessment possible by circular dichroism (CD) spectroscopy on one side, along with the detection of the eventual interaction with a target analyte by means of an easily recordable optical signal change (i.e., absorption, fluorescence, and CD spectral variations upon analyte detection). We can anticipate that the chiroptical properties of the produced films are deeply influenced by the porphyrin molecular structure (i.e., the configuration of the appended proline and the presence or not of a coordinated metal ion into the core), the solvent used for the deposition, and last but not the least, the roughness of the glass substrate. These findings highlight the complex interplaying of supramolecular interactions occurring when chirality is transferred from the solution to the solid state. The easiness and the versatility of the described protocol make it a viable approach in fabricating chiral films based on porphyrins for stereoselective sensor applications.
[image: Scheme 1]SCHEME 1 | Porphyrin derivatives used in these studies.
RESULTS AND DISCUSSION
Evaluation of the Solvent Effect on the Chirality of the Film
The challenging stage for the drop-casting production of chiral solid films is surely the identification of the proper solvent to use for the stock solution. As reported in the literature, the nature of the solvent used is extremely relevant to define the structures that the layers adopt and the overall chirality (Iavicoli et al., 2009; Chen et al., 2019), since both derive from a combination of the interaction strength of the molecules with the surface and their solubility (Zaera 2009; Mali and De Feyter, 2013). Moreover, solvent parameters like viscosity, surface tension, and vapor pressure strictly impact the film adhesion to the substrate and the evaporation rate, producing layers featuring different structural motifs and homogeneity (Resedean et al., 2020).
We carried out our investigations on the Zn porphyrin enantiomers [(D)- and (L)ZnP(-), Scheme 1], whose aggregation behavior in hydroalcoholic solution was recently studied in depth (Stefanelli et al., 2020a; Savioli et al., 2020). We have selected three solvents of different polarity, coordination abilities, and adhesion properties in which the porphyrin derivatives are soluble, namely, ethanol (EtOH), tetrahydrofuran (THF), and toluene. Films were deposited by drop-casting 10 μl from 10−4 M stock solutions of each porphyrin derivative on glass slides, followed by solvent evaporation (see the Experimental section for the detailed procedures). The layered materials were optically characterized by UV-vis and CD spectroscopies. For all the films tested, UV-vis spectra showed broad Soret bands, with peaks lying in the 435–440 nm range, red shifted if compared with the corresponding porphyrin solution (420–424 nm range), indicating that macrocycles are aggregated in J-type structures at solid state (see Supplementary Figure S1).
The assessment of the chiroptical features of the solid films have been carried out by CD spectroscopy and evidenced a remarkable influence of the solvent on the chirality at solid state.
As far as the films of (D)- or (L)ZnP(-) from THF and EtOH are concerned, negligible dichroic bands, barely observable in the 350- to 500-nm spectral range (data not shown) have been recorded, indicating an ineffective reading out of the chiral information during the self-assembly process occurring onto the glass surface in these solvents. Completely different results were obtained for the drop-casting of toluene solutions, which conversely produced layers with extensive supramolecular chirality. As shown in Figure 1A, the CD spectrum for films of (D)ZnP(-) is characterized by two sets of excitonically coupled bands at about 441, 433, and 407 nm, indicating electronic coupling between layered macrocycles that arranged in a (+) clockwise (CW) mutual conformation, as excitonic theory states (Berova et al., 2000) (Figure 1A, red trace). For the other enantiomer, a specular CD profile is obtained, featuring three bisignate negative bands with the same crossover points found for the (D) counterpart, pointing out a (−) anticlockwise (ACW) mutual orientation of porphyrin macrocycles (Figure 1A, blue trace). CD readouts (theta, expressed in mdeg), have been converted in ∆A/OD, where OD is the optical density of the sample and ∆A the difference measured in the sample absorbance between the left and right polarization of light. For this normalization purpose, both CD and optical density of films have been evaluated by performing absorbance measurements with Jasco J-1500 without moving the glass slide in order to measure these two quantities on the exact same spot. Remarkably, we found out that the normalized CD values are unexpectedly reproducible over different areas of the spot, even more so by considering that simple drop-casting method for the coating is used. This robustness results in an almost flawless specularity of CD signals obtained for films produced by toluene solutions of the two enantiomers of ZnP(-) (see Figure 1A). These spectral features were obtained independently on the batch used for deposition with the same sign and intensities, to prove a good reproducibility of the deposition method. All these findings combined definitely pointed out that the final chirality of the films is driven by the specific peripheral stereochemical information of the single unit and transferred from molecular to aggregate level upon self-assembly process.
[image: Figure 1]FIGURE 1 | (A) Circular dichroism (CD) spectra of (D)- (red trace) and (L)ZnP(-) (blue trace) casted films on glass from 10−4 M toluene solutions. (B) (L)ZnP(-) chiral aggregates obtained in different conditions: aggregates grown from EtOH/H2O (25:75, v/v) at 5 μM concentration (blue trace) and the corresponding film on glass (red trace); chiral films on glass from 10−4 M toluene solution (green trace).
The dependence of the chiroptical features in terms of pattern and intensity on the macrocycle concentration was also investigated. Supplementary Figure S2 (Supplementary Material) shows that the CD signal magnitude of (D)ZnP(-) films on glass slides increases at higher bulk solution concentrations without any perceptible changes in the chiral features. The calculated ratios between the maximum of the CD signals and recorded OD (see the Experimental section for details) shows that this parameter is substantially constant in the investigated range of concentrations (0.013, in the 0.5–1 × 10−4 M). Similar results have been obtained for the deposition of the (L) porphyrin enantiomer in the same conditions.
Comparing the spectral features of the (L)ZnP(-) film from toluene (Figure 1B, green trace) with the ones obtained for aggregates grown in EtOH/H2O (25:75 v/v) solutions (Figure 1B, blue trace), and one deposited at solid state (Figure 1B, red trace), a certain resemblance can be observed, even if the ones obtained for films casted by toluene show a higher degree of complexity, detectable with the emerging dichroic band at 449 nm.
The close similarity between these systems allows us to invoke a like aggregation mode between porphyrin platforms during the film formation, involving the coordination of the proline carboxylate to the Zn2+ ion (Stefanelli et al., 2020b). It must be said that the aggregation conditions are rather different in the two cases. Indeed, in EtOH/H2O, the aggregation is boosted by hydrophobic effect, which can be surely excluded here in driving film formation. On the other hand, the chirality transfer during the self-assembly process on glass and the resulting nanostructured supramolecular chirality should be the result of several concomitant factors as, for example, the evaporation kinetic (Hattori et al., 2017). Moreover, it is abundantly reported that porphyrin aggregation often is based on the “sergeants-and-soldiers” principle, where a small set of specific aggregates acts as chiral seeds to catalyze the following aggregation process (Mammana et al., 2007). Based on these considerations, we decided to perform DLS studies to assess the eventual presence of protoaggregated species in the (L)ZnP(-) 10−4 M toluene bulk solutions (Table 1, entry 1). As shown in Figure 2, the sample presents aggregates with low polydispersity size distribution, centered at dh∼290 nm. Additionally, this distribution resulted to be influenced by porphyrin concentration. According to the comparative DLS analysis shown in Table 1, lowering the concentration down to 10−5 M is reflected in a lowering of the average size together with a significant increase in the size polydispersity (Table 1, entry 2). At 10−6 M, very small aggregates (∼50 nm size) were slightly detectable after high acquisition time (Table 1, entry 3). Experiment on long-term evolution of the size distribution would be desirable to understand whether such differences can be related to a change in the aggregation kinetics with porphyrin concentration. It is important to mention that toluene solutions of (D)ZnP(-) enantiomer were also checked under the same experimental conditions, showing no significant variation in the behavior of the size distribution, above reported for the (L)- counterpart.
TABLE 1 | Dynamic light scattering (DLS) analysis of (L)ZnP(-) and the achiral ZnpCTPP in different solvents and concentrations.
[image: Table 1][image: Figure 2]FIGURE 2 | Representative dynamic light scattering (DLS) intensity size distribution of (L)ZnP(-) 10−4 M toluene solution, where the presence of self assemblies is detected. Gaussian fit in dotted line.
On the other hand, the involvement of Zn coordination on the chirality transfer from solutions to solid films is also suggested by the fact that films obtained from EtOH and THF are CD silent: In both cases, the remarkable coordination abilities toward Zn metal ions with respect to toluene make these solvents strong competitors for the aminoacidic residue. As a consequence, individual porphyrin macrocycles are well solvated, and the development of oligomeric structures is scarcely probable or driven to the formation of nucleation seeds below a critical threshold (Table 1, entry 4).
Additionally, ZnpCTPP is here utilized as a nonchiral probe since it also possesses a coordinated Zn(II) ion and a carboxylate group that should be able to drive the formation of ordered supramolecular assemblies. However, DLS studies disclose the absence of detectable aggregates in toluene at high concentration (Table 1, entry 5), proving the importance of the proline-appended group on the early aggregation stage. Furthermore, in case of films from nonchiral porphyrins, chiroptical signals should still emerge when symmetry-breaking effect of the surface, or stochastic formation of nucleation seeds with right- or left-handed orientation occur during the deposition (Chen et al., 2006). In this case, these events can be clearly ruled out by the fact that the CD signal of film from ZnpCTPP toluene solution on glass are silent.
To further investigate the network of interactions between solvent and porphyrins involved in both the aggregation process and in the effective chirality transfer to the solid state, we studied the drop-casted films of the corresponding free bases [(L)- and (D)H2P(-), Scheme 1] from THF and EtOH (toluene was excluded since these macrocycles are scarcely soluble in this solvent). Once again, films from THF did not feature any dichroic bands (data not shown). On the contrary, CD spectra of the spotted 10−4 M solutions of both enantiomers in EtOH displayed mirrored bisignated bands, although poorly reproducible in terms of intensity, sign, and spectral pattern depending on the batch solutions (data not shown). We have ascribed this evidence to the formation of small nucleation seeds of random overall symmetry, due to the lack of specific driving force such as the metal–ion coordination. The same behavior has been in fact observed upon aggregation of these species in hydroalcoholic solution (Stefanelli et al., 2020b) that results in the formation of supramolecular structures with very low g-factor.
DLS measurements support this hypothesis, since at the same concentration, (L)H2P(-) ethanol solutions showed a low tendency to form aggregates (which were rarely detectable at sizes in the range of 50–150 nm), suggesting a good solvation capacity of ethanol.
Evaluation of the Influence of the Glass Substrate on Films
It is well known that several surface properties like wettability/nature and roughness are crucial for the film formation, affecting important mechanical as well as optical features, particularly at micro/nano scale. In our studies, we have investigated the influence of the glass surface on the chiroptical properties of the formed films by drop-casting toluene (L)/(D)ZnP(-) porphyrin solutions on glass slides of different source (i.e., commercial and of low roughness). A first difference among the films formed onto these two substrates was pointed out by the corresponding UV-vis spectra (Supplementary Figure S3), which showed a Soret band more red shifted and narrower for the layers casted on the ultraflat slide, indicative of a higher specificity in forming J-aggregated structures on such a substrate. Concurrently, CD measurements showed chiroptical features exclusively in the case of this film, pointing out a remarkable influence of the substrate roughness on the final porphyrin arrangement onto the surface in a chiral fashion.
This interesting result led us to investigate more in depth the film morphology, and the results will be reported in a separate paper focused on this issue. Herein, we anticipate that the morphological investigation has highlighted a significant difference between the commercial glass and the low-roughness one. AFM images reported in the Figure 3 clearly show that the commercial glass (Figure 3A) is characterized by many hills and valleys with an overall height difference of about 75 nm. Conversely, the low-roughness glasses (Figure 3B) possess wide terraces, where the surface roughness is below 6 nm. Only in confined areas, we have observed some scratches that increase the overall roughness up to 10 nm. These evident differences between the two glass types can give a rationale of the observed porphyrin film chirality discussed above. Indeed, we can surmise that the porphyrin deposition onto a flat surface can facilitate the chiral organization of the macrocycles during the solvent evaporation. Conversely, the irregular commercial glass surface does not offer an optimal platform for a uniform film growth, which results in lack of stereospecificity.
[image: Figure 3]FIGURE 3 | Atomic force microscopy (AFM) morphologies of (A) a commercial and (B) low-roughness glasses.
Herein, we can conclude that the film chiral arrangement onto surface is due to a fine interplay of effects, i.e., the nature of the solvent, the concentration of the porphyrin monomer, and the nature of the deposition surface.
At the end of these investigations, we also evaluated some important film properties for applicative purposes, namely, the stability over time and temperature assessed by CD spectroscopy (Supplementary Figures S4A, B, respectively). We observed that the (L)/(D) porphyrin films casted by from toluene solution undergo a small rearrangement during 24–36 h and then remain stable until 72 h after the casting. At the end of this time, ca. 25% of the CD signal is lost and is kept constant for further 7 days. The organic layers are found more sensitive to heating, preserving their optical properties when exposed to temperature up to 50°C, and deteriorating for higher temperatures. In addition, AFM investigation gave a direct visualization of the film morphological evolution as a function of time. Figure 4 summarizes and compares the (D)ZnP(-) porphyrin film after about 100 h from the sample preparation. At the beginning, the morphology shows domains characterized by dendritic structures (Figure 4A), in good agreement with analogous systems reported in literature (Iavicoli et al., 2009). The film is not stable in ambient conditions, but undergoes a new assembling where the overall film roughness is slightly reduced (Figure 4B). It is reasonable that some solvent residuals, embedded inside the film after the deposition, are removed (e.g., evaporation) with a longer time interval, and a remarkable change in the porphyrin aggregates is produced.
[image: Figure 4]FIGURE 4 | AFM morphologies of the (D)ZnP(-) film as a function of time: (A) as deposited and (B) after about 100 h with the sample taken in ambient conditions.
Conclusion and future perspectives
These studies report a convenient way to achieve chiral films by the efficient transfer of chirality from porphyrin molecular systems to film on glass by selecting a proper solvent for drop-casting process. The results obtained point out the crucial role played by nucleation seeds (small chiral porphyrin oligoaggregates), which are formed in solution. We found, in fact, that the use of oxygen donor solvents (EtOH and THF) well solvate the macrocycles either as free bases and zinc complexes, so hampering the effective supramolecular organization of the forming film in a chiral fashion. In analogy with our previous studies, the formation of chiral assemblies based on (L)/(D) prolinated porphyrins is guided by the coordination of the aminoacidic moiety to the zinc ion. For this reason, the use of toluene as solvent proves to be a good choice. Indeed, besides the noncoordinating character, toluene possesses also the highest surface tension (28.4, 26.4, and 22.1 mN/m for toluene, THF, and EtOH, respectively) and the lowest vapor pressure (29, 200, and 59 hPa at 20°C for toluene, THF, and EtOH, respectively), which favor the film adhesion to the substrate and prevent either the fast evaporation of solvent and excessive drying pattern formation, both essential conditions for a stereospecific growth of porphyrin aggregates during the self-assembly process. CD spectra evidence for films of both (L)- and (D)ZnP(-) have different patterns with respect to those observed in the case of the aggregation in solution. These results indicate the occurrence of specific interactions between the growing structures and the glass, whose roughness necessarily has to be around 1 nm for the effective chiral arrangement of macrocycles onto the surface. These findings would be of importance for the easy development of cost-effective molecular films to be potentially used in fields where chiral materials are highly desired, as asymmetric catalysis (Simonneaux et al., 2006; Mallat et al., 2007) and chiral sensors (Sannicolò et al., 2014; Shang et al., 2017; Stefanelli et al., 2019). In this regard, we can anticipate that the as-deposited films are fluorescent and highly stable when immersed in water solutions even for a prolonged period. Therefore, these features warrant for their use in optical chiral sensing measurements, which are currently ongoing in our laboratories and whose results will be reported in due course.
EXPERIMENTAL SECTION
General
Porphyrin derivatives investigated in these studies have been prepared as previously reported by our group (Stefanelli et al., 2020b) by using reagents and solvents of commercial sources (Sigma Aldrich, ChemImpex, TCI) in the highest degree of purity without further purifications. The casted films were analyzed by UV-vis spectroscopy using, according to the experimental needs, either a Varian Cary 100 or a JASCO J-1500, equipped with a thermostated cell holder set at 298 K, and purged with ultra-pure nitrogen gas. CD spectroscopic measurements were carried out by Jasco J-1500 equipped as just mentioned. The evaluation of the film optical density (OD) was performed consecutively by only changing the operative mode of J-1500 spectrophotometer without moving the sample, in order to irradiate the same spot of the porphyrin film in both absorbance and CD measurements. Different traces at different stock concentrations were taken, referenced against untreated blank glass slide. Linear dichroism contribution (LD) has been found to be <0.0004 DOD units in all the cases examined. Also, to rule out the strong contributions of birefringence effects, both front and back of the slide were measured without evidencing significative changes in the CD profiles.
Porphyrin Film Preparation
The porphyrin solutions to be casted on glass slides were prepared as follows: 10−4 M solutions of macrocycles in 4 ml of the chosen solvent (ethanol, tetrahydrofuran, or toluene) were kept under sonication for 2 min (Fisher Scientific FB15047 apparatus). The solution was then filtered first through a 0.45-μm and then a 0.22-μm FilterBio[image: image] syringe filters, sonicated again, and left to stand for 1 h before casting. Concentrations were confirmed by UV-vis spectroscopy. The porphyrin solution should be used within 2 weeks from preparation, to ensure optimal and reproducible results.
Microscope glass slides (SuperFrost [image: image], Menzel) cut into 76 mm [image: image] 26 mm and ultra-flat quartz-coated glass substrate (Ossila, 25 mm × 25 mm) pieces were used for deposition as received. Porphyrin solution (10 μl) was layered on the glass slide surface by drop-casting method. The drop was left to dry at standard laboratory conditions, until complete solvent evaporation. The time of evaporation and dimension of spots strictly depend on the solvent used. Glass pieces can be reused after removing the organic layers by extensive washing with a suitable organic solvent (usually chloroform or dichloromethane). Afterward, the slide is treated with acetone and gently dried utilizing a flow of pure nitrogen.
Dynamic Light Scattering Studies
Size distribution by dynamic light scattering (DLS) was performed with Hamamatsu HC120 photometer (Brookhaven, NY, United States), equipped with a BI-200SM goniometer, a BI-9000 AT photocorrelator allowing to detect a particle size dynamic range from 5 to 5,000 nm, a solid-state laser (Suwtech Inc., SHA, CN) with a wavelength of 532 nm powered by a power supply LDC-2500 (Suwtech Inc.), and a phototube (Hamamatsu Photonics K.K., JP). The solvents used for the sample dissolution were prefiltered with a 0.22-μm hydrophobic filter (FilterBio[image: image]). Eight hours after the sample preparation, a volume of 500 μl of stock solution was transferred into a quartz cuvette and maintained at a temperature of 25° C using an external F30-C thermostat (Julabo GmbH, DE), circulating water in a coil placed in the vat containing the refractive index matching liquid. Acquisition time was set to 6 min. The size of chiral porphyrin assemblies was estimated by the hydrodynamic diameter (dh) distributions according to the Stokes–Einstein equation. The autocorrelation functions were analyzed using the CONTIN algorithm of the Dynamic Light Scattering Software ver. 3.18 provided by Brookhaven Instruments. A Gaussian fitting procedure was applied to the intensity distribution of dh using the OriginPro 8.1 software for extrapolating average dh values ± standard deviation from three independent measurements. Polydispersity index (PDI) was calculated from cumulant analysis of the measured intensity autocorrelation function.
Atomic Force Microscopy Measurements
A commercial Keysight 5500 atomic force microscopy (AFM) equipment was employed for the sample topographic analysis. Images were collected in noncontact mode to prevent possible damages of the porphyrin aggregates during contact measures. Silicon NanoSensors tip were used with a resonance frequency in air of about 300 kHz. The apex radius is about 20 nm. After the acquisition, images were analyzed by the free Gwyddion software.
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*Experimental data from two independent titrations were fitted simuitaneously.
bDespite the large deviation of Ksese, the overall fit is reliable; see the distribution of residuals in Supplementary Figure S10.
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