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 Characterization of CF4/CF3Br Binary Mixture Adsorption on Hydrophobic/Hydrophilic Surfaces via Atomistic MD Simulation Gary M. Leuty* and Mesﬁn Tsige* Department of Polymer Science, The University of Akron, Akron, Ohio 44325-3909, United States ABSTRACT: Molecular dynamics simulations of multilayer adsorption of binary mixtures of two tetrasubstituted halomethanes (CF4 and CF3Br) on two very diﬀerent substrates (graphite vs hydroxylated SiO2) were performed for three diﬀerent bulk compositions (40%, 50%, and 60% CF4) and over a range of temperatures from 80 to 200 K. The goal of these simulations was to investigate in depth how these factors aﬀect ﬁlm structure, layer composition, lateral arrangement, and molecular orientation in the ﬁrst adsorbed layer on each substrate. In line with a previous study of single-component adsorption on these surfaces, mixtures adsorbed on the hydroxylated SiO2 surface show stable number density proﬁles that are largely independent of temperature, up to 160 K. This level of stability is essentially absent in the case of adsorption on graphite, which show densities and surface populations that are largely dependent on overall ﬁlm composition, molecular orientation, and adsorbatesubstrate interactions, in addition to system temperature. Further, the composition of the ﬁrst adsorbed layer at each solid surface appears to be inﬂuenced by the choice of substrate, with CF3Br the majority component at the graphite surface for all compositions and temperatures, while the ﬁrst adsorbed layer on hydroxylated SiO2 more clearly mirrors the overall ﬁlm composition at temperatures below 160 K.
 
 ’ INTRODUCTION For a number of years, studies of adsorption of small molecules on surfaces have been used as a method of studying the fundamental interactions and phase transitions of systems of lower dimensions in order to describe surface structures and characterize transitions. The importance of investigating lowdimension systems—from two-dimensional phases on surfaces and at interfaces19 to one-dimensional or quasi-one-dimensional matter such as regions on, inside, or in the interstitial spaces between single-walled carbon nanotubes—cannot be underestimated for materials science, owing to the large number of applications generated. Questions of adsorption in these lowdimensional systems—especially in the case of the aforementioned carbon nanotubes, which has excited a sizable amount of experimental1012 and theoretical or simulation1316 study— seem particularly well-suited to computational simulation, where processes occurring at the smallest time and length scales can be probed eﬃciently and to a suitable degree of detail. In recent years, concern over the possibility of anthropogenic climate change caused by radiative forcing from CO2 and other “greenhouse gases”, such as the ﬂuorocarbons dealt with in this study, have also reintroduced adsorption processes as important practical means of reducing release or eliminating remnants of these compounds.17 Pressure swing adsorption (PSA) and related adsorption methods1820 have been promoted as possibly oﬀering convenient approaches for removal or reclamation of postcombustion CO2 and other gases related to climate concerns. Such methods also bear the ability to capture precombustion gases from cleaner-burning fuel streams, possibly decreasing emissions of harmful gases while simultaneously improving r 2011 American Chemical Society
 
 combustion eﬃciency and energy extraction. Methods have even been considered that rely on adsorption on or inside carbon nanotubes21 as a means of eliminating or reducing tetraﬂuoromethane (CF4) emission. Of pivotal importance to the fundamental science of adsorption and the feasibility of any applied use therein is the interaction between an adsorbent surface and the adsorbate species. In this study, we have attempted to extend our earlier molecular dynamics (MD) simulation study22 (hereafter referred to as Paper I) of adsorption of pure halomethane ﬁlms on the surfaces of graphite and hydroxylated SiO2 to view the behavior of binary mixtures of two of the halomethane compounds (CF4 and CF3Br) to study not only the interactions between the adsorbate species and the substrates as a function of temperature but also the interactions between CF4, an essentially spherical nonpolar species, and CF3Br, a polar molecule with pronounced asymmetry due to the replacement of a ﬂuorine atom with a much larger bromine, by examining the eﬀect of changing the composition of the mixtures to reﬂect equal and unequal contributions of each component. The temperature at which simulations take place is also expected to have a signiﬁcant eﬀect on adsorption characteristics; thus, we have simulated the adsorption of these binary mixtures over a range of temperatures from 80 to 200 K to examine adsorption behavior as each component traverses its solidliquid and liquidvapor phase transitions.
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 The Journal of Physical Chemistry B Molecular dynamics simulation is well suited to this type of problem for the resolution it oﬀers at very small time and length scales. The molecular- and atomic-level descriptions of these adsorption processes have provided us with an in-depth characterization of structure, organization, and orientation that are very diﬃcult to obtain experimentally but are the underpinning of the macroscopic qualities that make adsorption useful for the aforementioned applications and more. In the past, numerous studies of adsorption of single-component ﬁlms2328 on substrates such as graphite have been made to elucidate molecular arrangements and orientation as a means of delving into their complex 2D phase behavior and to discuss the nature of phase transitions occurring in 2D or quasi-2D matter. The addition of a second component to such ﬁlms, as is the case in the following study, adds an entirely new layer of complexity to the problem of simple adsorption on surfaces, as the interplay between adsorbatesubstrate interactions for each component, as well as adsorbateadsorbate interactions between components, changes the landscape considerably and invites new questions. A recent investigation by Thomas et al.29 into the competition between CF4 molecules and CF3Cl monolayers at a graphite surface highlights this complexity and raises further questions about the precise factors that control this competition for adsorption and how they can be altered. In light of such rich behavior at the base of studies of binary mixture adsorption, we have attempted to present, in great detail, a thorough investigation of how factors such as overall ﬁlm composition, temperature, and substrateadsorbate interactions aﬀect structural characteristics of the ﬁlm as a whole as well as molecular-level structural arrangement and orientation of the ﬁrst adsorbed layer. While adsorption of the compounds studied here has some precedence for study from both simulation and experiment, data for adsorption of either ﬂuoromethane compound appears to be signiﬁcantly lacking, and little in the way of clear experimental data currently exists regarding the adsorption of mixtures of such compounds on the substrates. Our goal, then, is to present several diﬀerent perspectives on adsorption behavior in the hopes that such detail may reinvigorate research, both theoretical and experimental, into investigations of the properties of mixtures such as these on surfaces of varied composition, in order to explore many new possible areas of interest.
 
 ’ METHODOLOGY Binary mixture ﬁlms used in the simulations in this study were composed of a total of 1000 molecules in all cases, with three diﬀerent ﬁlm compositions considered: 40% CF4 (400 CF4 molecules vs 600 CF3Br molecules), 50% CF4, and 60% CF4. The adsorbents used in the simulations are identical in composition and construction to those used in Paper I for the study of adsorption of pure halomethane ﬁlms, owing to the desire to make the studies as comparable as possible. Both the freezing of the positions of the carbon atoms in the graphite substrate and the vibrational freedom allowed to the surface hydroxyl groups on the SiO2 surface used in Paper I were reproduced for this study. The set of potential energy functions and parameters used to model intermolecular and intramolecular atomic interactions were derived from the OPLSAA (optimized potentials for liquid simulationsall-atom) force ﬁeld developed by Jorgensen and Watkins;30 the speciﬁc values for the interaction parameters
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 Figure 1. Comparison of average mass density for binary mixture ﬁlms at 80 K adsorbed on graphite (left) and SiO2 (right). Film bulk compositions are 40% CF4 (black), 50% CF4 (red), and 60% CF4 (blue). Inset: average mass density at 200 K.
 
 and the functional forms are also fully detailed in Paper I and will not be reproduced here. Simulations were performed largely over a range of temperatures from 80 to 200 K, in increments of 10 K for simulations at or below 100 K, 20 K for simulations between 100 and 160 K, and 40 K for simulations above 160 K (a single case at 200 K). All simulations were performed using the LAMMPS molecular dynamics package,31 utilizing velocityVerlet integration with a time step of 1 fs. All adsorption simulations were preceded by equilibration runs in the isothermalisobaric (NPT) ensemble and with periodic boundary conditions enforced in all directions for binary mixtures without substrates, to create an equilibrium bulk adsorbate. Equilibration runs lasted between 3 and 5 ns in length, which was enough time to allow the bulk to reach the proper state. The system temperature was maintained above the melting points of both components of the ﬁlm by use of NoseHoover thermostat; a similar barostat was applied to manage the system pressure. The adsorption phase of the simulations began with the ﬁlm placed 5 Å above the surface of the substrate of choice, for the same reasons used in Paper I. Simulations in this phase were carried out in the canonical (NVT) ensemble, with temperature controlled via NoseHoover thermostat. The cutoﬀ for van der Waals interactions was set at 12 Å; simulation subsequent to Paper I revealed minimal diﬀerence in results using this cutoﬀ or a larger 15 Å cutoﬀ. Equilibration in this phase, with the ﬁlm and substrate together, was achieved in roughly 56 ns for the majority of cases; at low temperatures, dynamics often dictated the use of a longer interval for equilibration, in some cases 15 ns or more. All systems were monitored to ensure proper equilibration, and data for analysis was recorded every 1 ps over a further 1.5 ns of simulation time.
 
 ’ RESULTS AND DISCUSSION Characterization at Interfaces. We begin this study, as with Paper I, by examining the average mass density of the adsorbed films as a function of the distance from the substrate surface along the normal to the surface (in this case, the z-axis). This was done by partitioning the simulation space into bins along the z-axis and calculating the mass density within each bin using the positions and masses of each atom. It is readily apparent that performing this calculation in the manner prescribed makes the result of the average density calculation partially dependent on the choice of bin width; in the following, the width of the bins has been fixed at 12695
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 Figure 2. Average number density of adsorbed binary mixtures on graphite at 100 K, classiﬁed by adsorbate species, as a function of distance from the substrate surface. Bulk ﬁlm compositions are 40% CF4 (left), 50% CF4 (center), and 60% CF4 (right).
 
 Figure 3. Average number density of adsorbed binary mixtures on hydroxylated SiO2 at 100 K, classiﬁed by adsorbate species, as a function of distance from the substrate surface. Bulk ﬁlm compositions are 40% CF4 (left), 50% CF4 (center), and 60% CF4 (right).
 
 0.1 Å in an attempt to preserve finer features of the density profile. The result of this calculation is plotted in Figure 1. In Figure 1, one of the ﬁrst conclusions drawn comes from the presence of an oscillatory proﬁle for ﬁlms adsorbed on both substrates, pointing (as in Paper I) to the presence of distinct layers of adsorbed molecules. At the ﬁrst layer, nearest the surface, sharp variations in mass density are produced by preferences for speciﬁc orientations for each of the component molecules at the substrate surface (this facet is treated in depth in the next section). Beyond this ﬁrst layer, at low temperatures, distinct oscillations persist to a depth of 2530 Å for ﬁlms on graphite, giving rise to several distinct layers, while such distinct oscillations on the hydroxylated SiO2 surface seem to remain to depths of 2025 Å, with fewer clear layers. As temperature increases and molecules become more mobile, the oscillations in the bulk liquid give way to a more constant density proﬁle with an average mass density comparable to the liquid-phase density of the components, combined in the prescribed ratios. It is also notable that ﬂuctuations are comparable across each ﬁlm composition up to the introduction of the ﬁlmvapor interface. At the interface, Figure 1 shows that the position of the interface is slightly altered by the composition of the bulk, reﬂecting the diﬀerences in density of the components involved. System temperature, on the other hand, has a dramatic eﬀect on the width of the liquidvapor interfaces for each case. At 80 K, the interfaces for each ﬁlm composition are comparably sharp and the widths narrow, whereas at 200 K and beyond, at temperatures near or above the bulk boiling points of both components (145.16 K for CF432 and 215.29 K for CF3Br33), the decrease in density signaling the liquidvapor interface becomes extremely broad; beyond surface layering induced by interactions with the substrate, the liquid phase of the mixture gives way quickly to the vapor phase at these temperatures.
 
 While the average mass density provides information on essential variations in surface layering and interfacial behavior, to view information on how each species arranges with respect to the bulk and the interfaces, an overall average number density was calculated in similar fashion to the average mass density in Figure 1, but with regard for the numbers of each component present in the ﬁlm. After partitioning the simulation space into bins along the normal direction (z-axis), the position of a given molecule was taken as the location of the central carbon atom of the molecule, and the number of molecules of each species within a bin was counted and divided by the bin volume. Figure 2 and Figure 3 show the results of this calculation for a representative temperature of 100 K. This temperature was assumed to be one in which both species were in the liquid phase or moving to the liquid phase and thus should oﬀer appropriate insight into the mixing characteristics of the ﬁlms next to the surface. Near the surfaces, the packing of molecules changes dramatically, both in number and in composition. In the case of adsorption on graphite, polar CF3 Br dominates the population at the substrate interface. From the ﬁgure, it can be seen that the population of CF3Br in the ﬁrst layer above the surface decreases when the fraction of CF3Br in the overall ﬁlm decreases, and the population of CF4 is seen to increase at the same time, as the amount of CF4 in the ﬁlm overall increases as the amount of CF3Br decreases. If the number density of each component in the ﬁrst layer were seen to behave like the bulk composition of the ﬁlm, this result would be expected. However, it is clear that even in the ﬁlm composed of 60% CF4, the amount of CF3Br at the surface far surpasses the amount of CF4, suggesting a stronger interaction between CF3Br and the graphite surface. Also of note in Figure 2 are the small secondary peaks in the number density of the ﬁrst layer beyond the large, narrow ﬁrst peak. We suggest that this is also a ﬁrst-layer peak, reﬂecting diﬀerences in orientation of 12696
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 The Journal of Physical Chemistry B CF3Br molecules that are not possible with CF4 molecules. Both the nature of this change in orientation and the nature of the interaction that appears to prefer CF3Br at the graphite substrate surface will be treated in depth in the next section. The number density of CF3Br on hydroxylated SiO2 in Figure 3 can also be seen to exhibit a two-peak structure, with a secondary peak of both greater amplitude and larger width than was the case for adsorption on graphite. When taking this secondary peak into account, the total number of molecules adsorbed on the hydroxylated SiO2 surface shows much diﬀerent behavior than the ﬁlms on graphite. At low concentrations of CF4 (high CF3Br), the total CF3Br number density from the ﬁrst two peaks shows that CF3Br is the preferred adsorbate at the surface. As the amount of CF4 in the overall ﬁlm increases, however, the number density of CF3Br is seen to decrease, while the contribution from CF4 grows. This becomes a pronounced preference for CF4 at the substrate surface when the overall ﬁlm composition reaches 60% CF4, suggesting that in the case of adsorption on hydroxylated SiO2, the primary factor inﬂuencing the composition of the ﬁrst layer is the composition of the overall ﬁlm, and neither component appears to be preferentially selected, as was the case for adsorption on graphite. This, too, can be inﬂuenced by the orientation of the molecules and will be expanded upon in the next section. One feature of Figure 2 and Figure 3 for all ﬁlm compositions and at each temperature studied was the low population or exclusion of CF3Br at the liquidvapor interface. The preference for one component of a mixture at a liquidvapor interface is initiated by an appreciable diﬀerence in the surface tension of the components; the component with the lower surface tension is able to form a liquidvapor interface with less of a penalty to the system energy and is thus preferred. In this case, the presence of pure CF4 at the liquidvapor interface implies that the surface tension of CF4 is suﬃciently less than that of CF3Br that the liquidvapor interface forms to the exclusion of CF3Br. To test this, separate simulations were performed on free-standing ﬁlms of pure CF4 and pure CF3Br allowed to equilibrate over very long time scales (1050 ns). Surface tension calculations, the details of which can be found in a previous article34 and include tail corrections, were performed and were monitored throughout the equilibration procedure. The results of the surface tension calculation at equilibrium for four temperatures (105, 110, 115, and 120 K) are shown in Figure 4. These surface tension calculations clearly show CF4 as having the lower surface tension at each temperature studied, conﬁrming the ﬁndings of the number density calculations; the diﬀerence between the two is appreciable enough to indicate why CF3Br is essentially excluded completely at the interface. It is somewhat diﬃcult to ﬁnd sources for comparison in experimental literature for surface tension values at such low temperatures; nevertheless, we have found our simulation values to be in good agreement with surface tension data obtained from experiment for CF4.35 In the case of CF3Br, Rathjen and Straub36 describe an empirically derived ﬁtted curve for the surface tension, from which parameters were obtained for CF3Br. From this, it is possible to extrapolate surface tension values at the temperatures seen in Figure 4. While values from the experimental ﬁt appear to be comparable to but lower than those derived from our simulations, both share the quality of being signiﬁcantly higher than the expected surface tension of CF4. Between the solidliquid interface at the substrate—where density oscillations imposed by the substrate interactions suggest
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 Figure 4. Surface tension of CF4 (black line) and CF3Br (red line) as a function of simulation temperature over a range of temperatures assumed to lie within the liquid phase of either component. Error bars are within width of symbols and have been suppressed.
 
 diﬀerences in binding potential between substrate types—and the liquidvapor interface in the region exposed to vacuum, where surface tension dominates the expression of one species, lies the bulk liquid phase of the binary mixtures. Figures 2 and 3 show that the composition of this region, while heavily dependent on behavior at the interfaces, retains an essentially uniform distribution in each case. Although Figures 2 and 3 present the number density at one temperature, this characteristic has been noted for the other temperatures simulated as well. Both the average mass density and the per-molecule number density (in the case of CF3Br) show a multiple-peak structure near the surface. In the case of average mass density, it is not clear from Figure 1 whether the pair of split peaks near the graphite surface is indicative of nuanced orientation of a single layer or oﬀset positions of two diﬀerent layers; for ﬁlms on hydroxylated SiO2, the structure seems more clearly a single layer of molecules at the substrate surface, but with multiple peaks. Figures 2 and 3 suggest that the second density peaks are closely related to the primary peaks and appear only as a result of the polar component. Thus, it seems most likely that a portion of the CF3Br molecules in the ﬁrst adsorbed layer have adopted a diﬀerent orientation relative to the majority, placing a very noticeable portion of the ﬁrst layer slightly further from the substrate surface. A more objective measure of the surface-adjacent population can be taken from the average number of molecules in the ﬁrst layer per unit surface area (henceforth referred to as the molecule number per unit surface area, or MPSA). This can be calculated by integration of the number density over the region in the z-direction corresponding to the ﬁrst-layer region, or by simple counting of ﬁrst-layer molecules. This measure can be used as a metric for comparison between substrates having diﬀerent surface areas (although, in our simulations, the surface area of the graphite substrate is only 0.269% larger than the SiO2 substrate, at 2767.16 Å2 for the graphite substrate vs 2759.75 Å2 for the SiO2). The results of this calculation, comparing the total number of molecules per unit surface area for each substrate, bulk ﬁlm composition and temperature, are shown in Figure 5. Evident from Figure 5 is that, similar to in Paper I, the total number of molecules per unit surface area for ﬁlms adsorbed on SiO2 is larger than it is in the case of ﬁlms adsorbed on graphite, regardless of ﬁlm composition or simulation temperature. Below 160 K, the ﬁrst-layer MPSA on SiO2 is essentially constant (0.048 Å2), decreasing only above 160 K—to 0.046 Å2 for the ﬁlm with 40% CF4 and 0.047 Å2 for the ﬁlms with 50% CF4 and 60% CF4. Conversely, the MPSA of ﬁrst-layer molecules on graphite 12697
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 Figure 5. Number of molecules adsorbed on the substrate surface per unit surface area for ﬁlms of the following composition: 40% CF4 (left), 50% CF4 (center), and 60% CF4 (right). Error bars are within width of symbols and have been suppressed.
 
 ﬂuctuates much more and shows a general decreasing trend as temperature is increased. Below 90 K, the ﬁrst-layer MPSA on graphite for each ﬁlm composition is comparable to the corresponding ﬁlm composition on SiO2, with ﬁlms of all three ﬁlm compositions reaching their maximum values in this range— 0.047 Å2 for 40% CF4 and 50% CF4, and slightly under 0.048 Å2 for 60% CF4. There does not appear to be a speciﬁc point at which the MPSA of ﬁlms on graphite shows a sudden decrease, suggesting perhaps that the loss of molecules from the ﬁrst layer is essentially continuous as a function of temperature. Regardless of ﬁlm composition, at the high end of our simulation temperature range, ﬁlms adsorbed on graphite do appear to have lost a signiﬁcantly greater number of molecules from the ﬁrst layer (molecule number per unit surface area—0.041 Å2 for 40% CF4, slightly above 0.042 Å2 for 50% and 60% CF4). In Paper I, we were also able to determine the number of molecules adsorbed at the surface per unit surface area for ﬁlms of pure CF4 and CF3Br. For ﬁlms adsorbed on graphite at temperatures below 100 K, we calculated 0.055 molecules of CF4 per Å2, while we found 0.044 molecules per Å2 for ﬁlms of pure CF3Br on graphite. Both pure ﬁlms show temperature dependence for the number of adsorbed molecules per unit surface area, dropping roughly 12% for ﬁlms of CF4 and 10% for ﬁlms of CF3Br, which is roughly in line with the decreasing number of adsorbed molecules per unit surface area seen in mixtures adsorbed on graphite. As such, in the case of the binary mixture of CF4 and CF3Br, the number of adsorbed molecules per unit surface area being between the same measurement for pure halomethane ﬁlms and decreasing similarly suggests that the number of molecules adsorbed on the surface of the graphite is not aﬀected by the mixing of polar and nonpolar compounds, with the behavior akin to the average of noninteracting independent species. For ﬁlms of pure CF4 and CF3Br on hydroxylated SiO2, the situation was slightly altered. In comparison with ﬁlms adsorbed on graphite, we noticed that there were fewer CF4 molecules per unit surface area on SiO2 (0.048 Å2) than on graphite, but that the situation was reversed for polar molecules such as CF3Br, which showed a slightly increased population on SiO2 (0.048 Å2). Not only does this mean that ﬁlms of pure CF4 and CF3Br separately show the same density of molecules in the ﬁrst layer of the SiO2 substrate (possibly suggesting similar aﬃnity for the substrate surface), but also that this result is identical to the total number of molecules per surface area of the CF4/CF3Br mixture on the same substrate, suggesting that this may reﬂect the extent of the carrying capacity for the hydroxylated SiO2 surface. Further, pure ﬁlms on the SiO2 substrate showed very little dependence on temperature (
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