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We present two iridium complexes 1H+ and 2H+ that contain cationic ligands to extend the knowledge of charge-assisted hydrogen bonding (CAHB), which counts among the strongest non-covalent bonding interactions. Upon protonation, both complexes were converted into new hydrogen-bonding arrays with various selectivity for respective H-bonding partners. This study compares the association strengths of four hydrogen-bonding co-systems, emphasizing the roles of CAHB in supramolecular systems. We determined that the cationic charge in these systems contributed up to 2.7 kJ mol−1 in the H-bonding complexation processes.
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INTRODUCTION
Hydrogen-bonding is a type of interaction that plays a crucial role in most branches of science (Marechal, 2007). Not surprisingly, this interaction is often used in biochemical processes (Moran et al., 2012), materials science (Chowdhury and Gillespie, 2018), and many applicative areas of supramolecular chemistry (Kuhn et al., 2010; Persch et al., 2015). The electrostatic interaction occurs between the partial positively charged hydrogen atom X-H (donor) and a partial negatively charged hydrogen acceptor atom Y, where X and Y are electronegative atoms (such as N, O, or S). In addition to hydrogen bonds (H-bonds), supramolecular systems can be reinforced by the cooperative interactions between binding partners in the assembly (Prins et al., 2001). An important example of this statement is charge-assisted H-bonding (CAHB), which can be described as an interaction of the X-H+···Y− type, where the X-H donor belongs to the cation, and the Y acceptor belongs to the anion. Here, the charge assisted bonds X-H+···Y−, also known as a salt bridge, combine the inherent strength and directionality of the hydrogen bond with favorable localization of the ionic charges while being easily obtained via an acid-base reaction (Braga et al., 2000). Previously reported strategies for the preparation of CAHB systems often involve strategies incorporating nitrogen-based compounds (amines, amides, amidines), which can accept a proton from a carboxylic acid, for example, leading to the formation of N-H+···O− interactions (Papoutsakis et al., 1999; Félix et al., 2000; Schmuck and Wienand, 2003) with free energies ranging from 4.0–5.2 kJ mol−1 (Horovitz et al., 1990).
Leigh and coworkers presented quadruple hydrogen-bonding complexes, including protonated salts with four N-H···N interactions that include an ion-dipole N-H+···N array (Leigh et al., 2013). These interactions can be switched on/off by the controlled addition of acid and base (Blight et al., 2011). Such configurations may be useful for designing responsive materials, such as nanofibers, gels, and supramolecular polymers. CAHBs tend to possess stronger interactions than a simple hydrogen bond due to the additional electrostatic interaction involved, resulting from one or more of the components bearing a charge (Papmeyer et al., 2016; Pop et al., 2016). Experimental deconvolution of sole-charge contribution in CAHB systems has yet to be quantified in assemblies where multiple hydrogen bonding arrays are employed. Several reports have shown that CAHB systems have found application in crystal engineering (Liu et al., 2019), synthesis of pharmaceutical salts/co-crystals (Wang et al., 2014), and in organometallic systems (Braga et al., 2004), making the elucidation of this energetic contribution critical in predicting materials properties.
In this study, we explore the effect of CAHB through the protonation of guanidine and thiourea-based ligands. According to the study conducted by Taylor and Kennard, N-H donors with a formal positive charge tend to form shorter bonds than uncharged N-H groups (Taylor and Kennard, 1984), which indicates a stronger association strength. Guanidinium derivatives represent a versatile functional group with unique properties (Blondeau et al., 2007; Han et al., 2008; Gale et al., 2013), and together with thiourea derivatives (Lee et al., 2002), have been widely investigated as part of the supramolecular systems. As such, we present here a comprehensive study of non-covalent self-assembly of the ionic iridium (III) complexes 1H+ and 2H+ (illustrated in Figure 1) with two different guest molecules 3 (Balónová et al., 2018) and 4 (Blight et al., 2009). These cationic complexes were found to exhibit stronger association constants than with the neutral species 1 (Balónová et al., 2018) and 2 (Balónová et al., 2020) when combined with complementary binding partners 3 and 4. Chelation of the iridium (III) center by the guanidine and thiourea ligands eliminates any destructive rotational energy allowing us to accurately determine the contribution of the cationic charge to the association strength via experimentation.
[image: Figure 1]FIGURE 1 | Four complementary charge-assisted H-bonding systems featured in this study.
RESULTS AND DISCUSSION
We have previously reported the synthesis and characterization data of thiourea and guanidine-based ligands used for the synthesis of iridium complexes 1H+ and 2H+ (Balónová et al., 2018; Balónová et al., 2020). Synthetic details for cationic complexes 1H+ and 2H+ are presented in the supplementary material for this article (Supplementary Section S1). Iridium μ-chloro-bridged dimer [Ir (ppy)2Cl]2 (ppyH = phenylpyridine) dimer was prepared by the procedure reported by Nonoyama (Nonoyama, 1974). Complex 1H+ was synthesized using 1-(1H-benzo [d]imidazole-2-yl)-3-butylguanidine as a ligand followed by the ligand exchange using potassium hexafluorophosphate (KPF6-) as the source of PF6- counterion. Iridium complex 2H+ was synthesized by refluxing 1-(1H-benzo [d]imidazole-2-yl)-3-butylthiourea ligand with the iridium μ-chloro-bridged dimer [Ir (ppy)2Cl]2 in toluene, and similarly followed by the ion exchange with KPF6- counterion for the cationic complex 2H+. Complexes 1H+ and 2H+ were paired with binding partners 3 and 4 (Figure 1), and association constants were determined. UV-vis absorption spectroscopy titration methods were used to measure the association constants for complexes 1H+•3/4 and 2H+•3/4, and all data were analyzed with the program BindFit (Thordarson, 2011; Supplementary Section S5) or sivvu.org as noted. The titrations were carried out in HPLC grade CHCl3 with 1% of DMSO to support the solubility of binding partners 3 and 4. The self-association (Kdim) of compounds 3 and 4 was determined to be Kdim < 50 M−1 and considered negligible for this study.
Cationic guanidine-based complex 1H+ was paired with binding partners 3 and 4, and association constants were determined through UV-vis absorption titration studies, with results summarized in Table 1. Due to the increased acidity of NH protons in the guanidinium moiety in complex 1H+, higher association constants were expected for systems 1H+•3/4 in comparison to the association constants for thiourea based systems 2H+•3/4. Gibbs free energies for all co-systems, together with the predicted energy values from the empirical model, are also presented in Table 1. Titration study for co-system 1H+•3 (Figure 2; Supplementary Section S5) revealed an increased association constants K11 = 1.9 × 106 M−1 and K12 = 3.4 × 104 M−1 (UV-vis, CHCl3/DMSO, (99:1 v/v)) in comparison to neutral system 1•3 (Table 1). To our surprise, experimental results obtained from UV-vis absorption titration studies with binding partner 4 did not align with our hypothesis. Admittedly, the association strength for protonated co-system 1H+•4 (DDD+-AAA array) – where protonation of the benzimidazole would lead to a DDD+ system, a perfect complement to 4—did not increase compared to neutral co-system 1•4 (DDA-AAA array). As reported by Wisner and coworkers, the association strength can be decreased or increased by changing the structure of the interacting site to the other isomeric form (Linares Mendez et al., 2019). We posit that prototropy of the guanidinium ligand, made possible by the multiple basic sites that guanidine offers, gives rise to a protonated state that does not give rise to the desired DDD+ arrangement, but an ADD+ array (Supplementary Section S1), as evidenced by the lower-than-expected association constant for 1H+•4, with a modest increase of binding strength observed for 1H+•3.
TABLE 1 | Experimentally determined association constants for 1H+ and 2H+ with two different guest molecules, 3 and 4, and their neutral parent complexes.
[image: Table 1][image: Figure 2]FIGURE 2 | UV-vis absorbance spectra from a titration experiment (298 K) for co-system 1H+•3 in CHCl3/DMSO (99:1 v/v).
Compound 2H+ was separately paired with guests 3 and 4, and their interactions were examined through UV-vis spectroscopic analysis (Supplementary Section S5) to quantify their respective association constants and compared with neutral systems 2•3 and 2•4 (Table 1). The co-system 2H+•3 can be described as a double bonding DD+-AA motif with three attractive and one repulsive secondary interaction within the structure. The strength of this association was assessed via UV-vis absorption titration of 2H+ with 3 in CHCl3/DMSO (99:1 v/v), revealing an association constant Ka = 4.8 × 103 M−1 ± 0.4% and the binding energy of -21.6 kJ mol−1, which is almost identical to the value obtained from the Sartorius empirical model that assigns weighted interaction values as the number of interactions increase (Sartorius and Schneider, 1996). This value is almost doubled compared to the neutral co-system 2•3, which can be explained by the increased number of attractive secondary interactions and electrostatic-charge assistance contributing to the stability and binding energy of the 2H+•3 system (Table 1). The association constant for co-system 2H+•4 was also investigated, and according to the strong influence of secondary interactions, the complementary DDD+-AAA system was predicted to be among the most stable arrays presented in this study. As has been previously investigated (and noted above), the binding strength is maximized if all the donor atoms are located on one component and all acceptor atoms are on the binding partner (Jorgensen and Pranata, 1990; Pranata et al., 1991). The planar compound 4 has been previously reported to improve stability and give rise to high association constants in triple DDD-AAA systems (Blight et al., 2009). The neutral complex 2 formed a double H-bonding DD-AA array with 4 (Ka = 1.6 × 103 M−1 ± 0.1%; Figure 2), and through simple protonation, the multiplicity was increased to triple H-bonding DDD+-AAA system 2H+•4. Multiple examples of DDD-AAA complexes have been reported to date (only two DDD+), but none of them considered thiourea ligands as binding partners in the assemblies (Balónová et al., 2020; Djurdjevic et al., 2007). Addition of 4 to 2H+ in CHCl3/DMSO (99:1 v/v) was monitored by UV-vis absorption titration analysis and association constants K11 = 2.0 × 104 M−1 ± 0.1%, K12 = 8.6 × 103 M−1 ± 0.2% for co-system 2H+•4 were determined (confirmed by 1H NMR; Figure 3; Supplementary Sections S4, S5). Compared to the neutral co-system 2•4, protonation of complex 2 resulted in ∼ 12-fold increase in the association constant when combined with compound 4 in CHCl3/DMSO (99:1 v/v). 1H NMR titrations illustrate the putative interactions between 2H+ and 4 with protons a/b of 2H+ (o-protons of both pyridine moieties) being shifted down-field by approx. 0.5 ppm and protons c and d of 4 showing a reciprocal shift up-field as its concentration is increased in the presence of host 2H+.
[image: Figure 3]FIGURE 3 | Stacked 1H NMR (400 MHz, 298 K) spectra from titration experiment for co-system 2H+•4 in CDCl3/DMSO-d6 (99:1 v/v). 4 (c = 1 × 10−3 M) was titrated into a solution of 2H+ (c = 1 × 10−4 M) in CDCl3/DMSO-d6 (99:1 v/v).cs.
Based on these results, we were able to use an empirical approach to calculate the contribution of charge to the association strength for two of our systems. Protonation of 1 gives rise to the 1H+, where complex prototropy (Supplementary Section S1) inhibits identification of the extra proton location. Given that there is a large increase in Ka for 1H+•3 and not for 1H+•4, which would represent a DDD+-AAA array, we propose that 1H+•3 exists as an ADD+ array (vs DDD+) complemented by 3 (DAA; Figure 4A), which allows us to directly compare its Ka with that of 1•3 (ADD-DAA) given that they have the same number of primary H-bonds and secondary electrostatic interactions. Comparing the neutral guanidine-based co-system 1•3 (ΔG1:1 = −34.0 kJ mol−1) with the cationic 1H+•3 (ΔG1:1–35.9 kJ mol−1), we calculated the overall charge contribution to the association, as the difference in Gibbs free energy, to be −1.9 kJ mol−1 (−0.45 kcal mol−1). As presented in Figure 4B, thiourea-based systems 2•4 and 2H+•3 empirically have the same number of primary hydrogen bonds and attractive/repulsive secondary interactions within the structures, assuming that the different secondary electrostatic interactions contribute equally. Based on this structural arrangement, the charge contribution was calculated. From the comparison of neutral thiourea-based co-system 2•4 (ΔG = −18.3 kJ mol−1) with the cationic 2H+•3 (ΔG = −21.0 kJ mol−1) we calculated the charge contribution in this instance to be −2.7 kJ mol−1 (−0.65 kcal mol−1). We note the difference in values in the two different systems and acknowledge that these are using the K1:1 values from these equilibria to do this comparison. We posit that the competitive 1:2 equilibria will interfere with determining a wholly discrete cation contribution. However, to the best of our knowledge, the discrete charge contribution to association strength in H-bonding arrays has never been determined before. If comparing the Gibbs free energy of charge contribution to salt bridges as determined by Horowitz and coworkers (4.0–5.2 kJ mol−1; Horovitz et al., 1990) the charge contributions elucidated in this study are in agreement, given that the present study includes only one of the charged partners.
[image: Figure 4]FIGURE 4 | Structural comparison of co-systems (A) 1•3 and 1H+•3 and (B) 2•4 and 2H+•3 toward experimentally elucidating the charge contribution to these association events.
In summary, we prepared two new cationic iridium (III) complexes 1H+ and 2H+. Both complexes 1H+ and 2H+ represent rare examples of charged complexes where the ancillary ligand carries the formal charge (ligand non-innocence). This work further examined the self-assembly of complexes 1H+ and 2H+ with guest molecules 3 and 4, respectively, to determine the charge contribution to the association strength. Guanidine based complex 1H+ with component 3 in DDA-AAD alignment represents the strongest H-bonding system (K11 = 1.9 × 106 M−1 and K12 = 3.4 × 104 M−1, UV-vis, CHCl3/DMSO, (99:1 v/v)) in this study due to increased acidity of NH protons in the cationic 1H+ system, a 2-fold increase over its neutral system. In addition, simple protonation of thiourea-based complex 2 results in a ∼12-fold increase in the association strength of co-system 2H+•4 in comparison to its neutral version 2•4. Furthermore, from UV-vis absorption titration studies, we were able to determine the contribution of the charge to the association strength by comparing neutral systems 1•3 and 2•4 with their respective complements 1H+•3 and 2H+•3 to be −1.9 kJ mol−1 (−0.45 kcal mol−1) and −2.7 kJ mol−1 (−0.65 kcal mol−1), respectively). Elucidating the energetics of CAHB interactions will contribute to developing empirical models that allow for more accurate prediction of system dynamics. Based on these results, incorporating CAHB interactions into H-bonding arrays can increase association strengths, leading to higher-order materials and a significant role in more competitive and complex systems.
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