Tight Xenon Confinement in Crystalline Sandwich-like Hydrogen Bonded-Dimeric Capsule of a Cyclic Peptide
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Abstract: A cyclic hexapeptide containing three pyridyl moieties connected to its backbone forms a hydrogen-bonded dimer, which tightly encapsulates a single xenon atom, like a pearl in its shell. The dimer imprints its shape and symmetry to the captured xenon, as demonstrated by 129Xe NMR, single crystal X-Ray diffraction, and computational studies. Dimers self-assemble hierarchically in tubular structures forming a porous supramolecular architecture whose cavities are filled by small molecules and gases.   
Recently, the interest for the investigation of heavy noble gases has grown given their importance in lighting, medical imaging, sensing, and neuro-protection.[1] Most of these gases are dispersed in very low amounts in the atmosphere and lithosphere, but high purity is needed for technological applications.[2] Cryogenic methods are used industrially to extract these gases from air, although the separation is costly because of the low concentration. Efficient sequestration under mild conditions of room temperature and low pressure would be competitive with the current energy-demanding technologies. In principle, greater energy efficiency in the separation can be achieved by using porous materials with tailored binding properties for the target noble gas in a mixture. Indeed, in the last few years task-specific porous materials have been prepared for capturing noble gases,[3] although the specificity is still a challenge for their scarce polarity or polarizability. The limited size-difference of noble gases with respect to other important gases and the spherical shape do not provide, in fact, handles for shape-selective recognition. To accomplish specific encapsulation, recently, host/guest chemistry of cryptophanes and molecular cages have been shown as promising alternatives for gas separation.[4] Several hollow macromolecular structures have been designed for encapsulation of Xe versus other noble gases with good selectivity.[5] In fact, cryptophane-111 has shown a good Xe selectivity and was implemented in high-contrast molecular imaging using hyperpolarized 129Xe NMR spectroscopy.[6] However, more biocompatible derivatives, such those derived from peptides, are required to this end. 
Peptide nanotubes are tubular structures made by the assembly of low molecular weight peptides.[7] One of the approaches for the preparation of nanotubes with controlled pore diameter is based on cyclic peptides that adopt a flat-ring conformation. The self-assembly of cyclic peptides containing -amino acids (-CPs) leads to the formation of tubular structures of piled rings with tunable cavity properties.[8] During the last years, we have been working with simple -dimeric units that have been evaluated for a variety of applications ranging from molecular capsules to electron transfer systems.[9] These dimers entrap guest molecules in their internal cavities.[10-12] In this work, we show novel pyridyl-substituted cyclic -hexapeptides that self-assemble in a hierarchically controlled fashion, to fabricate porous molecular crystals of dimeric units stabilized by multiple hydrogen bonds with docking recognition.[3a,13] These dimers retail specific spaces for tightly entrapping individual chloroform molecules and xenon atoms. The crystalline structures show additional inter-capsular cavities that ensure gas diffusivity and accessibility. The confinement in the dimers and the partitioning of guests in the distinct pores were investigated by the use of multiple recognition techniques for solid- and gas-phases, encompassing single-crystal XRD, 129Xe NMR, and DFT calculations. Xenon descriptors highlight the imprint of the anisotropic shape of the niche, wherein xenon is nested. 
To carry out these studies, cyclic peptides CP1 and CP2 were prepared, as illustrated in Scheme S1. These compounds consist of three 3-aminocyclopentanecarboxylic acids alternated with proteogenic -amino acids[11,12] wherein the -residues bear propynyl and 3-pyridylpropynyl moieties (R2), respectively, We envisage that the self-assembly of peptides bearing reactive moieties attached to the peptide backbone would not interfere in the formation of supramolecular dimers (D1 and D2) and would project these moieties towards both faces of the dimeric assembly. The semi-rigid group with the meta- substituted pyridine in CP2 was incorporated with the aim of introducing a further functionality, which may be involved in additional supramolecular interactions, e.g., metal coordination and halogen bonding, to direct self-assembly of larger structures. [14,15,16] 
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Scheme 1. Structures of cyclic peptides (CP1, CP2, and CP3) and their corresponding dimers (D1, D2, and D3).
The resulting peptides were studied by different techniques. 1H-NMR experiments confirmed that both CPs form the corresponding dimers, characterized by the down-field shift of amide protons involved in the hydrogen bonds due to the dimer formation (8.11 and 8.62 ppm for CP1 and CP2, respectively, Figure S1). FT-IR with bands at 3301 (Amide A), 1665 (amide III), 1620 (amide I⊥), and 1533 (amide II) for CP1 and 3307 (Amide A), 1665 (amide III), 1627 (amide I), and 1530 (amide II) for CP2, also confirmed the proposed -sheet-like structure characteristic of the dimeric form (Figure S2). 
Crystals of the cyclic peptide CP2 suitable for single crystal X-ray diffraction were grown from a chloroform solution by slow vapour diffusion, using hexane as anti-solvent. The crystal structure of the resulting needle-shaped crystals was solved by synchrotron X-ray radiation diffraction in order to obtain high- resolution diffractograms (Figure 1). CP2 crystallizes in the tetragonal P42212 space group with the unit cell parameters of a=35.52 Å and c=11.22 Å. The cyclic peptide forms dimers in which the two flat rings self-assemble in an antiparallel -sheet-like arrangement through six hydrogen bonds involving the amide moieties and the amidic C=O (N···O distances of 2.83-2.98 Å, Figure 1a). The body-centred structure of the crystal forms tubular channels by stacking the dimers along the crystallographic c axis. Each dimer interacts with the next neighbour by a series of weak C···O contacts (C···O distances of 3.06 - 3.22 Å) between the amidic oxygens and the linker chains (both -CH2 and acetylenic carbons) connecting the pyridine moieties (Figure S3a). Additional van der Waals contacts involving the Leu side chains further stabilize the tubular channels. The tubular channels show parallel packing, stabilized by short contacts involving the pyridine moieties of nearby rings. Further stabilization of the lateral self-assembly is provided by the interactions between the pyridine residues and the peptide backbone of adjacent tubes (Figure S3b). The drum-shaped dimer has an approximate van der Waals internal equatorial diameter of 5.4 Å and a height proper for hosting a maximum size sphere of 4.5 Å diameter, as previously reported for similar compounds.[17] The tubular channels are filled with two chloroform molecules per dimer, both showing partial site occupancy (60% and 50%, respectively). The first lies within the cavity;[17] the second one occupies the site between adjacent dimers in the tubular motif along the c-axis. The guest molecules are stabilized in the channels through a network of Cl···O contacts involving the amidic oxygens of the peptide rings (Figure S3c). In addition, another chloroform molecule lies externally to the channel, filling the inter-tubular spaces (25% occupancy). 
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Figure 1. Side view a) and top view b) of tubular channel formed by CP2, containing chloroform molecules in the intra- and inter-cavities. Color code: carbon, grey and light blue; oxygen, red; nitrogen, violet; chlorine, green. Hydrogen atoms have been omitted for clarity. 
The permanent porosity of the crystalline compound, after guest removal under vacuum, was demonstrated by CO2 isotherm at 273 K and up to 5 bar (Figure S4). Additionally, after exposure of single crystals to Xe under pressure of 5 bars (see SI for details), synchrotron radiation SCXRD at 100 K carefully revealed Xe atom location owing to its high electron density. The space group and unit cell parameters did not change after Xe adsorption, indicating the robustness of the structure (a=34.87 Å and c=11.89 Å). A single Xe atom is tightly confined in the intra dimer cavity with an occupancy factor of 0.4 (Figure 2); an additional Xe atom having very low occupancy (5%) fills the inter-cavity of the same tubular channel (Figure S5). As previously, the cyclic peptide maintains antiparallel -sheet like structure, forming hydrogen bonds with N···O distances in the range 2.89-2.93 Å (Figure S5). 
The direct observation of Xe confinement in intra-dimer cavities was provided by 129Xe NMR on a polycrystalline sample (Figure 3). For this purpose, the sample was evacuated and exposed to Xe gas at the pressure of 10 bar and room temperature. 129Xe NMR spectrum, collected under static conditions at 298 K, showed a signal with a remarkable downfield shift with respect to Xe in the gas phase at 0 ppm. Remarkably, the line-shape exhibits a large chemical shift anisotropy (CSA) with the following parameters:  = 171 ppm,  = 211 and 216 ppm. The virtual coincidence of  indicates an axial symmetry. The value of calculated isotropic chemical shift (iso=199 ppm) demonstrates a tight Xe confinement in the restricted space of comparable size to that of Xe atom (4.3 Å).[18] 129Xe chemical shift values as high as 200 ppm have rarely been observed in narrow cages of cucurbituryls and cyclodextrins in solution.[19] Additionally, in the present case, 129Xe CSA can report about the geometry of the cavity. In fact, xenon atoms receive the imprint of the cavity shape, wherein confinement is more effective along the channel c-axis than in the a/b plane.[3e,h] Thus, the space available for Xe within the dimeric capsule is described as a disc-like space, where CP rings clamp individual Xe atom, squeezing it along the c-axis. 129Xe NMR spectrum was also collected at 233 K showing a similar anisotropy although slightly shifted at higher ppm values (Figure S7), indicating that xenon retains an equally high degree of confinement over a wide temperature range and explores a virtually identical cavity. This is a rare example of complexation of a bare non-polar noble gas with a supramolecular size-fitting cavity that offers close van der Waals contacts and favours the encapsulation in the solid state.[3a,e,h] Xe is retained in the capsules even after exposure to CHCl3 vapors at room temperature, as demonstrated by 129Xe MAS NMR (Figure S8). 
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Figure 2. Side view a) and top view b) of a channel-forming structure by the stacking of CP2 dimers. c) Packing of the resulting nanotubes in the crystal structure. Color code: carbon, grey; oxygen, red; nitrogen, violet; xenon, purple.
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Figure 3. 29Xe static NMR spectrum at 293 K under a gas pressure of 10 bar (black line) compared to the simulated lineshape (red line). The main components of the chemical shift tensor are reported (black line). The chemical shifts are referred to the xenon in the gas phase at 0 ppm. Xe confined (blue sphere) in the dimer D2 is reported in the inset. 
DFT calculations were carried out to understand the cyclic peptide dimer cavity affinity for different noble gases (Xe, Kr, and Rn) and chloroform molecule (see Computational Methods in SI). The dimeric model from cyclic peptide c-{[(1R,3S)-MeN-Acp-D-Ala-]3}, (D3) (Scheme 1) was employed to reduce conformational variants related to Leu side chain and pyrididyl pendant. The optimized geometries for CHCl3⊂D3 and Xe⊂D3 suggest that the complexes are stable in both cases. The cyclic peptides adopt a slightly distorted flat conformation that forms hydrogen bonds with a wider range of N···O distances, 2.85–2.93 Å in the case of CHCl3⊂D3 and 2.86–2.89 Å in the case of Xe⊂D3 (Figure 4).
The calculations (Table S1) confirmed the stability of the xenon confinement with an interaction energy of -6.4 Kcal/mol. These results suggest that Xe could be entrapped in the pore of the dimeric structure although the largest affinity was found for chloroform (-14.1 Kcal/mol). The computational studies showed the ability of the supramolecular host to modify its conformation for a better fit to the specific guest, going from 125 Å3 for hosting Xe to 138 Å3 for chloroform molecule. This volume is even bigger than the previously crystallized dimer of c-{[(1R,3S)-MeN-Acp-D-Leu-]3} that incorporated a chloroform molecule in its cavity.[17] It is worth noting that also Kr and Rn can favourably be encapsulated in the dimer cavity and the binding energy increases with the increase of the noble gas atom volume, suggesting that this is a promising system for the capture of noble gases.
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Figure 4. Top and side view of computer minimized [B3LYP/6-31G(d), and aug-cc-pVTZ-PP for Xe] models of ,-CP dimers (D3) with their cavity filled with (a) a chloroform molecule (CHCl3⊂D3) and (b) Xe (Xe⊂D3).
In conclusion, we demonstrated that cyclic hexapeptides constitute building blocks that self-assemble into dimeric capsules, whose void spaces are favourably occupied by xenon, notoriously a poorly interacting noble element. The obtained molecular crystals of peptide dimers with encapsulated xenon can be manipulated in the open air, at room temperature, with no gas release. Synchrotron-radiation single-crystal XRD showed that the gas atom is located precisely at the centre of the sandwich-like dimer. Xenon receives the anisotropic imprint of the  clamping dimers, as perceived by static 129Xe NMR spectroscopy. Indeed, the anisotropic line-shape reflects the axial symmetry of the sandwich cavity and defines the most effective directions of the confinement. The practical consequence of the present design is to provide a tool to construct supramolecular structures by exploiting the constraints of cyclic rings and their directional interactions to build up customized porous crystals. In the case realized here, the specificity is directed towards elusive rare gas. In general, the suggested strategy is especially attractive because of the use of self-assembling cyclic oligopeptides that provide a simple strategy to construct porous materials using biocompatible building blocks.
Acknowledgements 
This work was supported by the Spanish Agencia Estatal de Investigación (AEI) and the ERDF (CTQ2016-78423-R), and by the Xunta de Galicia and the ERDF (EM2014/011, ED431C 2017/25 and Centro singular de investigación de Galicia accreditation 2016-2019, ED431G/09). We also thank the ORFEO-CINCA network and Mineco (CTQ2016-81797-REDC). A.C. and P.S. would like to thank PRIN 2016-NAZ-0104 and PRIN 2018 (NEMO). Funding from the European Research Council for the Starting Grant ERC-2012-StG_20111012 FOLDHALO (Grant Agreement 307108) and the Proof-of-Concept Grant ERC-2017-PoC MINIRES (Grant Agreement 789815) are gratefully acknowledged. Financial support from the Italian Ministry of University and Research (MIUR) through grant “Dipartimenti di Eccellenza-2017 "Materials For Energy” is gratefully acknowledged. M. Negroni is greatly acknowledged for the NMR spectra. The authors thank “Centro de Supercomputación de Galicia (CESGA)” for the use of their computational resources. RG-F thanks to Ministerio de Ciencia, Innovación y Universidades for a “Ramón y Cajal” contract (RYC-2016-20335). MC thanks the Xunta de Galicia for his predoctoral contract. 
Keywords: Xenon • host-guest • cyclic peptide • self-assembly • gas confinement
[1]	a) L. Schröder, T. J. Lowery, C. Hilty, D. E. Wemmer, A. Pines, Science 2006, 314, 446–449; b) L. Schroder, Phys. Med. 2013, 29, 3–16; c) N. J. Rogers, F. Hill-Casey, K. F. Stupic, J. S. Six, C. Lesbats, S. P. Rigby, J. Fraissard, G. E. Pavlovskaya, T. Meersmann, Proc. Nat. Acad. Sci. 2016, 113, 3164–3168.
[2]	F. G. Kerry, Industrial Gas Handbook: Gas Separation and Purification, CRC Press, 2007. R. T. Ying, Gas Separation by Adsorption Processes, Butterworth-Heinemann, 2013.  
[3]	a) I. Bassanetti, S. Bracco, A. Comotti, M. Negroni, C. Bezuidenhout, S. Canossa, P. P. Mazzeo, L. Marchio’, P. Sozzani J. Mater. Chem. A 2018, 6, 14231–14239; b) A. I. Cooper, ACS Cent. Sci. 2017, 3, 544–553; c) D. Banerjee, C. M. Simon, A. M. Plonka, J. Liu, X. Chen, B. Smit, J. B. Parise, M. Haranczyk, P. K. Thallapally, Nat. Comm. 2016, 7, No 11831; d) D. Banerjee, A. J. Cairns, J. Liu, R. K. Motkuri, S. K. Nune, C. A. Fernandez, R. Krishna, D. M. Strachan, P. K. Thallapally, Acc. Chem. Res. 2015, 48, 211–219; e) A. Comotti, S. Bracco, P. Sozzani, S. Horike, R. Matsuda, J. Chen, M. Takata, Y. Kubota, S. Kitagawa, J. Am. Chem. Soc. 2008, 130, 13664–13672; f) P. Sozzani, A. Comotti, R. Simonutti, T. Meersmann, J. W. Logan, A. Pines, Angew. Chem. 2000, 112, 2807–2810; Angew. Chem. Int. Ed. 2000, 39, 2695–2698; g) A. Comotti, S. Bracco, P. Valsesia, L. Ferretti, P. Sozzani, J. Am. Chem. Soc. 2007, 129, 8566–8576; h) A. Comotti, S. Bracco, L. Ferretti, M. Mauri, R. Simonutti, P. Sozzani, Chem. Commun. 2007, 350–352; h) Hyperpolarized Xenon-129 Magnetic Resonance: Concepts, Productions, Techniques and Applications, (Eds.: T. Meersmann, E. Brunner), RSC, Cambridge, 2015.
[4]	a) S. Y. Chong, A. I. Cooper, in Comprehensive Supramolecular Chemistry II, Vol. 6 (Eds.: J. L. Atwood). Elsevier, 2017, pp. 139–197; b) G. Zhang, M. Mastalerz, Chem. Soc. Rev. 2014, 43, 1934–1947; c) G. D. Enright, K. A. Udachin, I. L. Moudrakovski, J. A. Ripmeester, J. Am. Chem. Soc. 2003, 125, 9896–9897. 
[5]	a) R. E. Bazan, M. Bastos-Neto, A. Moeller, Dreisbach, R. Staudt, Adsorption 2011, 17, 371–383; b) L. Chen, P. S. Reiss, S. Y. Chong, D. Holden, K. E. Jelfs, T. Hasell, M. A. Little, A. Kewley, M. E. Briggs, A. Stephenson, K. M. Thomas, J. A. Armstrong, J. Bell, J. Busto, R. Noel, J. Liu, D. M. Strachan, P. K. Thallapally, A. I. Cooper Nature Mater. 2014, 13, 954–960; b) D. Banerjee, A. J. Cairns, J Liu R. K. Motkuri, S. K. Nune C. A. Fernandez, R. Krishna D. M. Strachan P. K. Thallapally, Acc. Chem. Res. 2015, 48, 211–21; c) M. Miklitz, S. Jiang, R. Clowes, M. E. Briggs, A. I. Cooper, K. E. Jelfs, J. Phys. Chem. C 2017, 121, 15211–15222; d) Y. Liu, J. Liu, J. Hu, BMC Chem. Eng. 2019, DOI 10.1186/s42480-019-0003-y; e) D. Banerjee, C. M. Simon, S. K. Elsaidi, M. Haranczyk, P. K. Thallapally, Chem 2018, 4, 1–29. 
[6]	a) L. Schroder, T. J. Lowery, C. Hilty, D. E. Wemmer, A. Pines, Science 2006, 314, 446–449; b) T. J. Lowery, S. Garcia, L. Chavez, E. J. Ruiz, T. Wu, T. Brotin, J.-P. Dutasta, D. S. King, P. G. Schultz, A. Pines, D. E. Wemmer, ChemBioChem 2006, 7, 65–73; c) O. Taratula, P. A. Hill, N. S. Khan, P. J. Carroll, I. J. Dmochowski, Nat. Commun. 2010, 1, DOI 10.1038/ncomms1151; d) D. R. Jacobsona, N. S. Khana, R. Colleb, R. Fitzgeraldb, L. Laureano-Perezb, Y. Baia, I. J. Dmochowski, Proc. Nat. Aca. Sci. USA 2011, 108, 10969–10973; e) A. I. Joseph, S. H. Lapidus, C. M. Kane, K. T. Holman, Angew. Chem. Int. Ed. 2015, 54, 1471–1475; Angew. Chem. 2015, 127, 1491-1495; f) L. Gao, W. Liu, O.-S. Lee, I. J. Dmochowski, J. G. Saven, Chem. Sci. 2015, 6, 7238–7248; g) A. I. Joseph, S. H. Lapidus, C. M. Kane, K. T. Holman, Angew. Chem. 2015, 127, 1491–1495; Angew. Chem. Int. Ed. 2015, 54, 1471–1475; h) Y. Wang, I. J. Dmochowski, Acc. Chem. Res. 2016, 18, 2179–2187; i) T. B. Demissie, K. Ruud, J. H. Hansen, J. Phys. Chem. A 2017, 121, 9669–9677; b). 
[7]	a) L. Adler-Abramovich, E. Gazit, Chem. Soc. Rev. 2014, 43, 6881–6893; b) I. W. Hamley, Angew. Chem. 2014, 126, 6984–7000; Angew. Chem. Int. Ed. 2014, 53, 6866–6881; c) T. Shimizu, Bull. Chem. Soc. Jpn. 2018, 91, 623–668; d) K. Tao, P. Makam, R. Aizen, E. Gazit, Science 2017, 358, eaam9756. 
[8]	a) D. Bong, T. Clark, J. R. Granja, M. R. Ghadiri, Angew. Chem. 2001, 113, 1016–1041; Angew. Chem. Int. Ed. 2001, 40, 988–1011; b) R. J. Brea, C. Reiriz, J. R. Granja, Chem. Soc. Rev. 2010, 39, 1448–1456; c) R. Chapman, M. Danial, M. L. Koh, K. A. Jolliffe, S. Perrier, Chem. Soc. Rev. 2012, 41, 6023–6041; d) N. Rodríguez-Vázquez, M. Amorín, J. R. Granja, Org. Biomol. Chem. 2017, 15, 4490–4505.
[9]	a) C. Reiriz, R. J. Brea, A. Arranz, J. L. Carrascosa, A. Garibotti, B. Manning, J. M. Valpuesta, R. Eritja, L. Castedo, J. R. Granja, J. Am. Chem. Soc. 2009, 131, 11335–11357; b) R. García Fandiño, M. Amorín, L. Castedo, J. R. Granja, Chem. Sci. 2012, 3, 3280–3285; c) J. Montenegro, C. Vázquez-Vázquez, A. Kalinin, K. E. Geckeler, J. R. Granja, J. Am. Chem. Soc. 2014, 136, 2484–2491; d) M. Cuerva, R. García-Fandiño, C. Vázquez-Vázquez, M. A. López-Quintela, J. Montenegro, J. R. Granja, ACS Nano 2015, 9, 10834–10843; e) A. Lama, A. Guerra, M. Amorín, J. R. Granja, Chem. Sci. 2018, 9, 8228–8233.
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Peptide-based supramolecular dimers encapsulate Xe atoms in their internal cavity and hierarchically self-assemble into porous materials.
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