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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 polycyclic aromatic hydrocarbon (PAHs) dimers, that which 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, monomeric or dimeric finite PAHs are not clear, and are crucial for understanding confinement in larger systems. Here, we shed light on the size and structural parameters necessary for water confinement, motif allowing confinement and demonstrate it how these parameters operate in various acene systems. We show that optimal OH···π interactions between the water clusters and the PAH dimer allow are crucial for optimal confinement to occur, and with the lack of it such interactions leadingleads to the formation of CH···O interactions, and less ideal confinement. Confinement of layered clusters of water within discrete acene frameworks is also possible, provided that  as long as the optimal OH···π interactions are conserved. 	Comment by USER: Is it weaker? Less structurally defined? Have faster exchange rates? Clarification about what characterizes this situation as “less ideal” would strengthen this point.




The ability of water to be confined in nonpolar pores is interesting inof significant interest in a variety of various fields, including in  such as biology, nanotechnology (including nanofluids), and nanofluidselectrical engineering, to name a few.[1, 2] Nonpolar cavities can often be found in the vicinity of a protein’s active site, and the presence of water in such cavities directly enables its occupation with water is critical to many biological processes to occur.[3]  Interestingly, Wwhen we study the flow of water ater flows through such hydrophobic pores or cavities at the nanoscale, we observe markedly lower with low wall friction and a higher flow rate than what is observed expected macroscopically; . This nanoscale flow, therefore, such as in the case of water confined in a carbon nanotube (CNT), thus, the confinement of water within carbon nanotubes (CNT) has significant potential beyond what is achievable based on macroscopic water flow alone. This potential is even greater when one realizes that the confined water displays 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 those of bulk water, due to the fact that the confined water cannot form a full complement of hydrogen bonds (leading to it being called “frustrated water” or “high energy water”)a modified hydrogen bond network.[13, 14] Moreover, such unique properties have even greater potential applications when combined with CNTs, which are of interest in a variety of applications including gas sensing, water purification, and hydrogen production.
The interaction between graphene (i.e., sp2-hybridized carbon) allotropes, including  such as graphite, CNTs and fullerene, with water is has been widely studied using both computational and experimental methods. Computationally, Specifically, the adsorption of water molecules on the outside of a to the carbon surface was modelled computationally using ab-initio methods and density functional theory (DFT) calculations.[15-19] Water confinement in inside carbon nanotubes has also been studied using computationally with DFT methods, which led to the conclusion that demonstrating that waters water molecules clustertend to be near the inner CNT wall due to favorable  OH···π interactions between the water and the π cloud of the CNT. [20] Interestingly, molecular dynamic simulations revealed the importance of the orientation of the water molecules in determining the properties of such water, with an orientation that facilitates OH···π interactions being highly favorable for both adsorption on a surface and confinement in a cavity. [19, 21, 23-25] 	Comment by USER: I tried to make this clear by breaking up the paragraph into the experimental section and the computational section, so that the relevant literature could be placed in its appropriate context
Experimentally, tThe unique nature of the hydrogen bonding s in waters water molecules inside confined in CNTs were was also demonstrated by using via vibrational  spectroscopy, which showed two types of hydrogen bonds: those that exist from the OH group to a single aromatic ring, and those that include more than one aromatic ring in their hydrogen bondingshowing intra-ring and inter-ring hydrogen bonds.[21] In addition to studying the Effect effects of confinement on the aqueous hydrogen bonds bonding capabilities, the effects of confinement on water diffusion and charge migration within an aqueous medium were also studied. 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] FurthermoreFinally, both experimental [26] and theoretical [27] works have shown that for the confinement of water in extremely small cavities (up to 1 nm in diameter)small confinement up to 1nm, the water cluster can arrange into either a monolayer or bilayer.[28, 29] 
[bookmark: _Hlk113565578]Overall, previous computational work, particularly the Ab-initio calculations that provided information about the molecular-level interactions,  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 carbon surfaces and the water molecules and the effects of such orientations on as exhibited by the binding energies (BE).[20, 30, 31] Notably, much of this pPrevious work have focused onused polycyclic aromatic hydrocarbons (PAHs), which can serve  as model systems to for the larger and more intractable graphene and CNT, and attempted to determine their interaction with water.[23, 32, 33] In one example, Hirunsit et al. have modelled the confinement of two to four water molecules within both a benzene and a naphthalene dimer.[34],[34] and determined that It has been observed that water clusters with a water cluster with up to four water molecules in the cluster cannot be confined within the naphthalene dimer. Of note, this result is likely influenced by the , as in this case the naphthalene dimers served as model systems for graphite sheets, constraints that were imposed on the system to enable more efficient computational analysis. the enable the confinement. When optimizing the structures without these artificial constraints, water molecules moved to the side of the naphthalene, where they formed  and form CH···O interactions. In related  recent work, Molina et al. have studied an anthracene dimer complexed to water clusters with that contained 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 (i.e., most energetically favorable) structures are were 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 (i.e., perpendicular) configuration, a geometry which enabled. Confinement was attributed to optimal OH···π interactions to form. As anthracene and naphthalene are made up of three/ and two linearly fused benzene rings, respectively, we can conclude that the apparent additional aromatic ring plays an important role in determining whether a particular PAH can complex water clusters, and what is the size of the water cluster that can be confined., in addition to the number of confined water molecules. 
In the work of Molina et al, various complexes of water and anthracene dimers have beenwere compared, leading to the conclusion that there is a strong  thoroughly demonstrating that the tendency of for the water molecules is to remain clustered within themselves. Among the different possible structural isomers that were tested, the only one that was found in which water was successfully complexed in the dimer was the case of , only one was found where the water is confined in the anthracene dimer; the case of four water molecules inside the perpendicular-configured anthracene dimer in a cross configuration.
In this study, we wish to explore the conditions that enable water confinement inside small PAH systems. Consequently, herein we only focus only on the isomers that show confinement of water molecules within the PAHs, without any artificial constraints.
We begin by comparing the ability of different PAH dimers to confine water clusters with four water molecules, 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 studied 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 measured the BEs of the system to determine the energetic favorablility of  if the confinement is favorable. Additionally, we check whether there is a tilting angle between the confining dimers to determine the geometry of the PAH dimeric structure, noting that this geometry can have a significant effect on the ability of water molecules to complex in the dimer.. 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 beenwere performed using density functional theory (DFT) calculations using with the   functional, which is able to 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 size of the water clusters,  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 then performed structural optimization from that starting point. We concluded that in cases where the water stays within the dimer after optimization, that confinement is hen confinement is possible, the water indeed stays within the dimerindeed possible. 
[image: ]
Figure 1: Side (left panel) and top view (right panel) of four-water clusters confined within  two coronenes (a), two anthanthrenes (b) and two 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), which also have having a large, planar surface area, 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 perpendicular (Figure 1b) and parallel (Figure S1a) configurations enable confinement in anthanthrene, as anlikely because stabilizing interactions is are possible in both cases. Both coronene and anthanthrene exhibit similar nBEs, of 11.4 kcal/mol and 11.1 kcal/mol, respectively, likely due to their similar sizes. Ideal confinement of four water molecules was also observed in the case of a pyrene dimer, as shown in the SI Figure S1c.	Comment by USER: The caption to Figure 1 lists coronene, anthathrene, and fluorene
The authors should check this for consistency and make sure that both the caption and the figure text are accurate.
Likewise, confinement was possible in the case of fluorene (Figure 1c), albeit here, ain this case with a  slight tilting angle was observed between the two monomers. Due to the nonlinearity of the structure and its non-planar hydrogens, additional stabilizing CH···O interactions between the oxygen of the two of the water molecules and hydrogens in the bay region of the acenes were also observed, are also possible; this results in aleading to 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 2.3 Å between H and O) result in a nBE of 12.3 kcal/mol, the highest value among all molecules presented in the manuscript, likely due to the unique stabilizing interactions possible in this case. In the case of phenanthrene (Figure S1b), the additional CH···O interactions also led to a tilting angle of 11.2° and a favorable nBE of 11.3 kcal/mol, which is somewhat lower than the nBE observed for fluorene. 


[image: ]
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. 
In the next step, we analyzed the confinement of We proceed to the comparison of the confinement of water clusters containing three water molecules within anthracene, phenanthrene, fluorene, and pyrene, as shown in Figure 2. We do not expect ideal confinement of the water cluster in this case, as to be ideal since here, two contiguous hydrogens point upward and one points downward, thus leading to a non-symmetrical structure and a likely preference for one side.  preference in one of the directions. These features are seen in the is is well demonstrated in the case of anthracene dimer shown in Figure 2a. Upon energy optimization of the anthracene dimer with a three water molecule cluster, the water cluster moves to form CH···O interactions, leading to a movement of the top anthracene, and resulting in a large tilting angle of 18.5˚ is observed. In this case, confinement is weakened severely, and the quantitative measure of this weakening is in the low . The nBE is of 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 due to the presence of a saturated methylene group. 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 molecule point downward and interact with the bottom PAH via OH··· π interactions. 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 involved in the formation of the  forming the CH···O bond, effective confinement is possible. In the case of fluorene, (Figure 2c) confinement is enabled by strong CH···O interactions, which form due to the small distances between the hydrogen atoms in the middle rings and the oxygen atoms 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 determining the ability of PAH dimers to constrain water clusters, particularly as it relates to the presence of nonaromatic C-H groups and their participation in intermolecular non-covalent interactions. 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.
[image: ]
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 water clusters with five and six water molecules clusters is optimal. They These water cluster-coronene dimers 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 observed. Once again, no tilting angle was observed, and the calculated nBE is 11.5 kcal/mol, indicating strong confinement. 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. 
A water cluster with fFive water molecules can form within the phenanthrene dimer, and the optimized structure 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 energy 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 a smaller value than the energy value observed in smaller than previous cases. Similar trends are observed for the case of six waters confined within the phenanthrenes dimer, the results of which are and presented in Figure S3b. 
[image: ]
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 1 nm 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 0.87 nm between the layers, while three water layers are optimal at a distance of 1.14 nm between the layers. 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. 
[bookmark: _GoBack]In conclusion, there are key similarities between the confinement of water within PAHs and confinement of water within low- dimensional carbon surfaces, as both relate to the  which results from the underlying intermolecular interactions between the polar water molecules and the non-polar aromatic surfaces. In this work, we We demonstrate the key role of the molecular orientation in enabling stabilizing OH···π orientations which enables stabilizationinteractions to occur. Nonetheless, there are noticeable differences, including the fact that Unlike unlike in low low-dimensional carbon surfaces such as graphene, discrete PAH dimers 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 through the quantitative the BE values reported hereins. 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. From these results, we can generalize It could be generalized that cases of ideal confinement due to OH···π interactions results in nBE values of about approximately 11.5 kcal/mol, with the distance of 2.3-2.4 Å required 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 directly determines whether confinement will occur. It is also possible to confine two or three layers, provided that  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, which in turn is expected to  sheddingshed insight into the confinement of water: its mechanism, energetics, and geometry of the resulting complexesr. Furthermore, the 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],[43] both of which have relevance in a broad variety of sub-disciplines. 
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