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Abstract
The ability to confine water molecules is important in many fields, from biology to nanotechnology. We report a computational study of the confinement of water clusters inside polyaromatic hydrocarbon (PAHs) dimers, that can serve as model systems for larger carbon allotropes and are important for understanding the molecular level interactions in confined systems. The conditions allowing confinement in small finite PAHs are not clear and are crucial for understanding confinement in larger systems. Here, we shed light on the size and structural motif allowing confinement and demonstrate it in various acene systems. We show that optimal OH···π interactions between the water clusters and the PAH dimer allow for confinement, and the lack of it leads to the formation of CH···O interactions, and less ideal confinement. Confinement of layered clusters is also possible as long as the optimal OH···π are conserved. 





The ability of water to be confined in nonpolar pores is interesting in various fields such as biology, nanotechnology, and nanofluids, to name a few.[1, 2] Nonpolar cavities can often be found in the vicinity of a protein’s active site, and its occupation with water is critical to many biological processes.[3]  Water flows through hydrophobic pores at the nanoscale with low wall friction and a higher flow rate than expected macroscopically; thus, the confinement of water within carbon nanotubes (CNT) has great potential for applications in many areas.[4-11] CNTs raise interest as gas storage containers,[12] water purification and hydrogen production.[7] The confined water displays unusual properties which differ significantly from bulk water due to a modified hydrogen bond network.[13, 14]
The interaction between graphene allotropes such as graphite, CNT and fullerene with water is widely studied. Specifically, the adsorption of water molecules to the surface modelled computationally using ab-initio methods and density functional theory (DFT) calculations.[15-19] Water confinement in carbon nanotubes has been studied using DFT, demonstrating that waters tend to be near the CNT wall due to OH···π interaction between the water and the π cloud of the CNT. [20] The unique hydrogen bonds in waters confined in CNT were also demonstrated via vibrational  spectroscopy, showing intra-ring and inter-ring hydrogen bonds.[21] Effect of confinement on hydrogen bonds and other properties such as diffusion and charge migration was studied extensively as well.[22] Molecular dynamic simulations revealed the importance of the orientation of the water molecules; an orientation that enables OH···π interactions is dominant for both adsorption upon a surface and for confinement.[19, 21, 23-25] Furthermore, both experimental[26] and theoretical[27] works have shown that for small confinement up to 1nm, the water cluster can arrange into either a monolayer or bilayer.[28, 29] 
[bookmark: _Hlk113565578]Ab-initio calculations allowed the molecular level study of the interactions of small carbon surfaces with water molecules. This emphasized the importance of the relative orientations between the surfaces and the water molecules as exhibited by the binding energies (BE).[20, 30, 31] Previous work have used polyaromatic hydrocarbons (PAHs), which can serve as model systems to graphene and CNT, and attempted to determine their interaction with water.[23, 32, 33] Hirunsit et al. have modelled the confinement of two to four water molecules within benzene and naphthalene dimer.[34] It has been observed that water clusters with up to four water molecules in the cluster cannot be confined within the naphthalene dimer, as in this case the naphthalene dimers served as model systems for graphite sheets, constrains were impose the enable the confinement. When optimizing the structures without constraints, water molecules move to the side of the naphthalene and form CH···O interactions. In  recent work, Molina et al. have studied anthracene dimer complexed to water clusters with up to four water molecules.[33] In the case of one to three water molecules, confinement of the water within the dimer was not observed, and the optimal structures are those with the water in a side orientation with respect to the anthracene. In the case of four water molecules, confinement was observed when the anthracene dimers were in a cross configuration. Confinement was attributed to optimal OH···π interactions. As anthracene and naphthalene are made up of three/two linearly fused benzene rings, respectively, the apparent additional ring plays an important role, in addition to the number of confined water molecules. 
In the work of Molina et al, various complexes of water and anthracene dimers have been compared thoroughly demonstrating that the tendency of the water molecules is to remain clustered with themselves. Among the different possible isomers, only one was found where the water is confined in the anthracene dimer; the case of four water molecules inside the anthracene dimer in a cross configuration.
In this study, we wish to explore the conditions that enable water confinement inside small PAH systems. Consequently, we only focus on the isomers that show confinement of water molecules within the PAHs, without any artificial constraints.
We begin by comparing different PAH dimers confining four-water clusters, as optimal OH···π interactions in the four water case have been demonstrated to achieve confinement in the anthracene dimer case. We next study the effect of reducing the number of waters on the confinement as the infrastructure of optimal OH···π interactions is not attainable on lower amount of water molecules. We additionally report the interaction between water clusters containing five and six water molecules and layered water clusters containing 8 and 12 water molecules with various acenes of different sizes and structures. We reveal the size and structural motifs enabling confinement at the molecular level, which is crucial for obtaining an understanding of the confinement of water in larger systems such as a CNT.
To quantify the confinement, we measure the BEs of the system to determine if the confinement is favorable. Additionally, we check whether there is a tilting angle between the confining dimers. As the interaction within the dimer varies on the displacement, the water molecules could potentially escape the confinement more freely due to the tilting angle. 
Calculations have been performed using density functional calculations using the   functional, which can account for van der Waals interactions and is thus suitable to study cluster systems.[35] Structures were optimized using the cc-pVTZ basis set[36] followed by frequency calculations to verify that they are minima on the PES. To calculate BEs, we performed single-point calculations using   with the aug-cc-PVTZ[37] basis set. All reported structures exhibit negative BEs, and as we increase the water cluster size, the BE increase significantly. For comparison purposes, we normalized the BEs by dividing by the number of water molecules and report the absolute values of the normalized BE (nBE). All calculations were performed with the Q-Chem 5.4 software package.[38] To study the possibility of confinement, we started with different dimer structures with water confined inside them and performed optimization. When confinement is possible, the water indeed stays within the dimer. 
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Figure 1: Side (left panel) and top view (right panel) of four-water clusters confined within  two coronenes (a), anthanthrenes (b) and fluorenes (c). All reported bond lengths are in Å. The blue numbers mark the OH···π bond lengths, and the green numbers mark the CH···O bond lengths. 
We have optimized dimer structures of coronene, anthanthrene and phenanthrene with four water molecules, as shown in Figure 1. Similar to the case of anthracene reported by Molina et al.,[33] coronene (Figure 1a) and anthanthrene (Figure 1b), having a large surface, can ideally confine the clusters within the dimer. The confinement is achieved due to the formation of optimal OH···π interactions between the non-contiguous hydrogens and the π clouds of the acenes. Interestingly, both cross (Figure 1b) and parallel (Figure S1a) configurations enable confinement in anthanthrene, as an stabilizing interaction is possible in both cases. Both coronene and anthanthrene exhibit similar nBEs of 11.4 kcal/mol and 11.1 kcal/mol, respectively. Ideal confinement was also observed in the case of pyrene, as shown in the SI Figure S1c.
Likewise, confinement was possible in the case of fluorene (Figure 1c), albeit here, a slight tilting angle was observed. Due to the nonlinearity of the structure and its non-planar hydrogens, additional CH···O interactions between the oxygen of the two of the water molecules and hydrogens in the bay region of the acenes are also possible; this results in a tilting angle of 10.3˚. Despite the non-optimal confinement, additional stabilization is obtained via the CH···O interactions. In this case the close CH···O interactions (distances of 2.3Å between H and O) result in a nBE of 12.3 kcal/mol, the highest value among all molecules presented in the manuscript. In the case of phenanthrene (Figure S1b), the additional CH···O interactions also led to a tilting angle of 11.2° and a nBE of 11.3 kcal/mol. 
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Figure 2: Side (left panel) and top view (right panel) of three-water clusters confined within anthracenes (a), phenanthrenes (b), fluorenes (c) and pyrenes (d) from the side view (left panel) and top view (right panel). All reported bond lengths are in Å. The blue numbers mark the OH···π bond lengths, and the green numbers mark the CH···O bond lengths. 
We proceed to the comparison of the confinement of three water molecules within anthracene, phenanthrene, fluorene, and pyrene, as shown in Figure 2. We do not expect confinement to be ideal since here, two contiguous hydrogens point upward and one points downward, thus leading to a preference in one of the directions. This is well demonstrated in the case of anthracene dimer shown in Figure 2a. Upon optimization, the water cluster moves to form CH···O interactions, leading to a movement of the top anthracene, and a large tilting angle of 18.5˚ is observed. In this case, confinement is weakened severely. The nBE is 9.2 kcal/mol, demonstrating the non-ideal interactions. `
Figures 2b and 2c show the confinement of the water cluster inside phenanthrene and fluorene, respectively. The PAHs are similar in length and shape; however, fluorene is not aromatic. As seen in Figure 2, both molecules show tilting angles of 6.7˚(phenanthrene) and 9.1˚(fluorene). In the case of phenanthrene (Figure 2b), two hydrogens of the water point downward and interact with the bottom PAH via OH··· π. Interaction with the top PAH occurs via one OH···π interaction and additional CH···O bonds in the bay region (of length 2.8Å). Due to the position of the oxygen forming the CH···O bond, confinement is possible. In the case of fluorene, (Figure 2c) confinement is enabled by strong CH···O interactions form due to the small distances between the hydrogen in the middle rings and the oxygens in the water clusters. The strong CH···O interactions lead to a large nBE of 10.7 kcal/mol, in comparison to 9.7 kcal/mol in the case of phenanthrene. The difference between phenanthrene and fluorene validates the importance of the PAHs geometry in addition to the water clusters’ size and geometry.
As shown in Figure 2d,  pyrene, although similar to phenanthrene in length, does not form additional CH···O interactions due to the lack of the bay region, and the resulting nBE is 9.5 kcal/mol. Overall, the structures confining three water molecules have lower nBEs than those confining four water molecules, due to the lack of additional OH···π interaction, which could lead to further stabilization.
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Figure 3: Side views of five-water and six-water clusters confined within coronenes (a,b), anthanthrenes (c,d), and five water molecules with two conformers of phenanthrenes (e,f). All reported bond lengths are in Å. The blue numbers mark the OH···π bond lengths and the green numbers mark the CH···O bond lengths. Top views are included in Figure S2.
Next, we demonstrate the confinement of five and six water molecules, as shown in Figure 3. Coronene (Figures 3a, 3b) is large enough so that the confinement of five and six water clusters is optimal. They do not exhibit tilting angles, and the optimal confinement is evidenced via their large nBEs of 11.5 kcal/mol and 11.4 kcal/mol for the five and six water clusters, respectively. Similarly, anthanthrene is large enough to contain a five-ringed water cluster (Figure 3c) with optimal confinement. Once again, no tilting angle was observed, and the nBE is 11.5 kcal/mol. In the case of confinement of six waters in the cluster (Figure 3d), due to the relative sizes of the water clusters and the dimer, some of the water molecules are partially sticking outside the dimer, resulting in less optimal OH··· π interactions and a lower nBE of 10.9 kcal/mol. 
Five water within phenanthrene dimer is shown in Figure 3e. Formation of optimal OH··· π interactions is prohibited due to the small size of the PAH, resulting in a shift of one of the rings to enable those interactions together with CH···O. The resulting structure does not confine the water and the nBE is 10.8 kcal/mol. A second minimum was found (Figure 3f), in which the cluster is partially confined although, due to the size of the PAH some of the waters are sticking out, forming CH···O interaction. This structure results in a tilting angle of 11.2˚ and nBE of 10.4 kcal/mol which is smaller than previous cases. Similar trends are observed for the case of six waters confined within phenanthrenes dimer and presented in Figure S3b. 
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Figure 4: Side (left panel) and top view (right panel) of four (a), eight (b) and twelve (c) water clusters confined within anthracene dimers from the side view (left panel) and top view (right panel). All reported bond lengths are in Å. The blue numbers mark the OH···π bond lengths, the green numbers mark the CH···O bond lengths and the black number shows the overall distance between the anthracenes. 
As previously mentioned, confined water molecules between graphene sheets may arrange in a monolayer and up to a bilayer with a distance of 1nm between the sheets. We demonstrate the confinement of eight and twelve water molecules within anthracene, resulting in two and three layers of four water molecules, as seen in Figures 4b and 4c, respectively. We observe that the bilayer is optimal at a distance of 0.87nm, while three water layers are optimal at a distance of 1.14nm. Similar to graphene, it is feasible to confine additional water molecules by allowing the arrangement of several layers, preserving the ideal OH···π interactions. In terms of nBE, the four-water cluster confined within the dimer shows 11.1 kcal/mol, while the nBEs of eight water cluster and twelve water clusters are 11.4 kcal/mol. 
In conclusion, there are key similarities between the confinement of water within PAHs and low- dimensional carbon surfaces which results from the underlying molecular interactions. We demonstrate the key role of the OH···π orientations which enables stabilization. Unlike in low dimensional carbon surfaces such as graphene, PAHs benefit from CH···O interactions, whereas in graphene-like materials, these interactions are negligible as the majority of the interactions rely on OH···π. Even though a tilting angle reduces the optimal OH···π interactions between the water and the dimers, these interactions may be compensated by additional CH···O interactions, as demonstrated in the BEs. While the BE increases with the addition of water molecules, the nBE value shows consistency along the series of studied systems with values ranging mostly between 9-12 kcal/mol. It could be generalized that ideal confinement due to OH···π interactions results in nBE of about 11.5 kcal/mol, with the distance of 2.3-2.4 Å for said interactions. The water cluster size, and its relative size to the dimers has a direct effect upon the interactions mentioned above and dictated whether confinement will occur. It is also possible to confine two or three layers given the optimal OH···π interactions are preserved as demonstrated for the anthracene case. These results will guide future experiments using vibrational spectroscopy as recently demonstrated for pure water clusters [39-41] to probe the stability and structure of PAH water clusters shedding insight into the confinement of water. Furthermore, ideas of confinement developed in this work could potentially benefit an understanding of anthracene cluster interactions with water ice [42] and in anthracene dimer exciplex formation in solution.[43] 
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