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Abstract

:

Opposing polymer brush systems were synthesized and investigated by molecular modeling. Chains were restricted to a face-centered cubic lattice with the excluded volume interactions only. The system was confined between two parallel impenetrable walls, with the same number of chains grafted to each surface. The dynamic properties of such systems were studied by Monte Carlo simulations based on the dynamic lattice liquid model and using a highly efficient parallel machine ARUZ, which enabled the study of large systems and long timescales. The influence of the surface density and mean polymer length on the system dynamic was discussed. The self-diffusion coefficient of the solvent depended strongly on the degree of polymerization and on the polymer concentration. It was also shown that it is possible to capture changes in solvent mobility that can be attributed to the regions of different polymer densities.
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1. Introduction


Polymer brushes are a system consisting of grafted macromolecules, i.e., chains terminally attached to a surface. They have been a subject of many experimental and theoretical works predominantly because of their practical importance (e.g., size-exclusion chromatography, polymer adhesion, or lubrication) [1,2,3,4]. Polymer brushes formed of chains grafted on one surface can be treated as the reference state for the confined brushes. Brushes were a subject of various experimental techniques of synthesizing, as recently reviewed [5,6,7]. Understanding the factors that govern the properties of a brush is therefore important for designing useful and intelligent polymeric systems [8]. Properties of brushes were studied by means of molecular dynamics and dissipative particle dynamics [9,10,11,12,13], Monte Carlo simulations [10,14,15,16,17,18,19,20,21,22,23,24,25,26,27], scaling theory, and self-consistent-field theoretical considerations [27,28,29,30,31,32,33,34,35].



Opposing polymer brushes, i.e., systems consisting of two parallel surfaces, both grafted with chains, were also a subject of considerable interest [36]. Theoretical treatment concerned mainly the compression of such brushes [37,38,39,40,41]. Computer simulations were found to be a useful tool for studying opposing polymer brushes—structure, interaction, and friction between a pair of brushes (neutral and charged) were recently investigated [39,42,43,44,45,46,47,48]. This study investigated the solvent and polymer dynamics for an opposing (sandwich-like) polymer brush, consisting of two flat surfaces on which the chains were grafted by polymerization. The brushes were synthesized using a ‘grafting from’ procedure; i.e., the polymerization of chains started from the surfaces. The dynamics of a formed opposing polymer brush was investigated focusing on the case when both brushed layers are in contact. It must be emphasized that a realistic but extremely small (from a computational point of view) probability of polymerization per algorithm time step (10−6) was used. A long relaxation time, up to 109 time steps (total simulation time), showed to offer a new exciting opportunity to probe the equilibrium states of the confined dense polymer brushes. Because of the complex architecture, large size, and high density of polymer chains, these systems are usually studied employing coarse-grained models. The representation of macromolecules was highly reduced for this paper—chains consisted of interconnected statistical segments that were embedded to the nodes of a face-centered cubic lattice representing the simulated volume. Chains were firmly grafted to an impenetrable planar surface and a pair of them formed a slit. This model system was studied at good solvent conditions; i.e., all nonbonded interactions were the same in the whole system under consideration. Dynamic Monte Carlo simulations of the presented model were carried out using the dynamic lattice liquid (DLL) model dynamics [49,50]. This simulation algorithm provides the proper dynamics and reproduces the molecular transport in dense systems. DLL has already been successfully used, e.g., to study various polymerization processes [51,52,53].




2. Materials and Methods


The DLL model is based on the concept of strictly cooperative motion of objects in a dense system. The object refers here to the coarse-grained fragment of matter (polymer segment, solvent molecules, etc.). For simplicity, the positions of objects are limited to the nodes of a quasicrystalline lattice, in this case, FCC lattice with coordination number q = 12. It has been assumed that the system has some excess volume, so each object has enough space to vibrate around its position defined by the lattice node like in a real dense liquid. The objects, however, cannot easily move over a longer distance, because all neighboring lattice sites are occupied. Despite this, a long-range motion can occur as a cooperative rearrangement having a form of a closed loop of coordinated displacements involving at least three neighboring objects. In contrast to many other lattice models, DLL allows studying lattice systems at the highest density, i.e., where all lattice sites are occupied by exactly one object: a solvent molecule or a polymer segment. The DLL model described above has been implemented as a dynamic Monte Carlo simulation for polymer brushes in solvent. The single simulation time step t in the athermal case consisted of three steps:




	
The generation of random vector field of motion attempts. A unit vector, pointed towards one of the nearest neighboring lattice sites, represents the direction along which the object attempts to move;



	
The identification of groups of vectors forming closed loops, indicating ways of possible successful cooperative rearrangement. The rest of the objects are immobilized at the given time step. Additionally, if the movement realized in a given loop would lead to the break of a bond between segments in the polymer chain, then the loop is immobilized;



	
The rearrangement of objects along these closed paths by displacing them to the neighboring sites according to the vector generated in step 1.








A discussion concerning the detailed balance and ergodicity of DLL algorithm was presented elsewhere [49]. Time was assumed to be a discrete variable for which the positions of all objects were attempted to be updated simultaneously. As compared to experiments, one time step in DLL corresponds to 6·10−13 s for low-weight molecular systems [54] up to 3·10−12 s in the case of a polymer system [22].



In this paper, a coarse-grained model of multichain polymer systems forming opposing polymer brushes is under consideration. The system contained fully flexible chains immersed in a good solvent. The solvent was explicitly included in the model. The simulation procedure consisted of two steps. In the first step, polymer chains grafted on a pair of parallel surfaces were virtually synthesized. Note that polymer brushes in real experiments can be obtained using two different methods: by tethering the chains that were previously polymerized and by growing chains from initiators anchored to the surface [55,56,57,58]. The second one enables a highly grafted brush to be obtained, and what is more, in computer simulations, it is the only way to obtain properly equilibrated, highly grafted, and dense polymer systems [6,22]. Therefore, the second method was chosen for the presented studies. In the second step, the reaction was stopped and the system was fully equilibrated after the synthesis was completed. In this paper, the authors focus on the dynamic properties of the system after the synthesis part is finished.




3. Results


The system under consideration had a form of a slit built by a pair of parallel impenetrable surfaces placed at coordinates z = 1 and 144; i.e., the width of the slit was 2d = 142. The edge of the Monte Carlo box in each of the two remaining directions of the space had a length of L = 144; there were 1,492,992 FCC lattice nodes in total. Periodic boundary conditions were used in x- and y-direction. The large number of nodes was crucial for a good average necessary for the analysis of diffusion-type changes. The end of each chain was grafted (tethered) to one of the surfaces. Grafting positions were selected at random. The synthesized systems were polydisperse and, therefore, must be described by means of the averaged degree of polymerization (average chain length). The number averaged degree of polymerization DPn is defined as   D  P n  =   ∑   i = 1   2 N    n i   m i  /   ∑   i = 1   2 N    n i   , where 2N is the total number of chains in the system, mi is the length (number of segments) of ith chain, and ni is a number of chains with length mi.



The number of chains defines the grafting density of both brushes, which was defined as the number of chains grafted to one surface to the number of lattice nodes forming a surface. The grafting density was varied: σ = 0.2, 0.25, 0.3, 0.35, and 0.4 (for each surface). The studies concerning the influence of the grafting density were carried out for systems where DPn = 110, i.e., when both brushes interact. The overlap grafting density is usually defined as [11] σ* = π R2gN/L2, where R2g is the chain mean squared radius of gyration and N is the number of chains grafted to one of the surfaces. This parameter is a measure of the compression of grafted chains: for values σ* > 1, chains are restricted to less area (in the xy plane) than they would occupy in solution. In this study, σ* varied between 62 and 149, which implies that the chains under consideration were always in the real brush regime [4]. The grafting density σ = 0.3 was chosen for the investigation of DPn impact, based on previous studies concerning a model of a single brush [22]. The influence of the grafting density on the single brush structure has shown that a crossover from low to high grafting regime is located near this value. This value corresponds to 0.35 chains/nm2 in a polymer system when one polymer bead represents an MMA monomer unit [22]. For this grafting density, the mean number averaged degree of polymerization was varied in a wide range: DPn = 30, 50, 70, 90, 100, 110, 120, 140, and 160.



In the first part of the simulation, the entire simulation box was filled with monomer and the initiator was randomly placed on both surfaces with a given grafting density. For the model of polymer synthesis, the controlled living irreversible radical polymerization was chosen; i.e., the process of attachment of monomers to a growing chain was irreversible and a reaction rate p = 10−6 was assumed (this choice was based on our previous findings—see [22,59] for details). The polymer layer grew until it reached the desired DPn value, which lasted even up to 5 × 108 time steps. The above criterion of polymerization termination leads to the generation of polydisperse systems, which makes the theoretical interpretation difficult but much better reflects the properties of real brush systems [22]. Then the reaction was stopped, and the unreacted monomer was replaced by an inert solvent of the same size as the monomer. The second step was a production run to collect uncorrelated data; it lasted 5 × 108 time steps. The ‘grafting from’ procedure where chains grow very slowly was found to be an efficient tool for the simulation of dense brushes [22]. Faster ‘grafting from’ polymerization process requires very long equilibration [59], while attaching to the surface previously prepared whole is completely ineffective.



Having the number of objects under consideration significantly exceeding 106, it is impossible to study such a number of time steps using a typical computer cluster or supercomputer running the DLL algorithm [60]. Therefore, the usage of the dedicated computing hardware such as ARUZ (Analyzer of Real Complex Systems—in Polish, Analizator Rzeczywistych Układów Złożonych) [60,61,62,63,64] is inevitable to study macromolecular systems in this timescale. ARUZ was designed and constructed using the TAUR technology (Technology of Real Systems Analyzers—in Polish, Technologia Analizatorów Układów Rzeczywistych) developed at Lodz University of Technology [65]. The machine is located in BioNanoPark Lodz (Poland). The device is composed of almost 26,000 reconfigurable field-programmable gate arrays (FPGAs) interconnected in a 3D network. ARUZ is a scalable, fully parallel data processing system equipped with low-latency communication channels, dedicated to the simulation of dense systems containing a large number of elements interacting locally. ARUZ can perform DLL simulations for systems with several millions of objects with, e.g., 109 time steps performed in just a few days (vs. approx. 200 days on HPC node using multithreading [60]). The usage of ARUZ was indispensable to execute DLL simulations at this time range in reasonable computing time. This was the first time that this timescale was reached for the DLL algorithm for a simulation box of the described size. In summary, it was possible to study very large systems (>106 objects) for the highest possible density (taking into consideration polymer and explicit solvent molecules) and for a long timescale (109 steps). MD and DPD simulations of coarse-grained models cannot handle such calculations.



The dynamics of complex systems like brushes is apparently connected to their internal structure and density. The polymer density profiles across a slit formed by a pair of grafted surfaces are presented in Figure 1. One can observe in Figure 1a that quite different polymer systems were under consideration: from two layers separated by a wide gap (ca. 40 lattice units) in the case of short chains (DPn = 30) to a system with an almost constant density of polymer beads across the slit (DPn = 160). This allows distinguishing two regions: (1) regions without brush interpenetration and (2) regions with interpenetration. The regions without interpenetration exhibit density profiles that are mostly linear, which agrees well with the SCFT calculations for polydisperse brushes. One can observe in Figure 1b that the increase in grafting density leads to higher density, but it does not change the shape of the density profiles.



The insight into the system structure can also be achieved by studying the scaling behavior of chain sizes. Three parameters describing the size of a single chain in a brush were considered here: the mean squared end-to-end distance R2ee, the mean squared height of a single polymer chain (z-component of a distance between the free end of a chain and the grafted surface) H2, and the mean squared radius of gyration R2g. The dependence of these parameters on DPn, which is a measure of the mean chain length, is presented as a log–log plot in Figure 2a. One can distinguish two regimes of the behavior of all size parameters, both characterized by a quite regular scaling behavior of R2ee, H2, and R2g. The first region includes chains with DPn ≤ 100, while the second one is observed for longer chains. The scaling behavior observed for double brushes consisting of shorter chains was found to be in the following form: R2ee ~ DPn1.81±0.01, H2 ~ DPn1.92±0.02, and R2g ~ DPn1.75±0.02. The scaling exponents had similar values for all parameters and were much higher than in the dense polymer melt where 2ν ≈ 1 and than in the universal one describing the behavior of a single free chain, i.e., 2ν ≈ 1.176 [66]. They were also higher than predicted for the strongly stretched brush, where the exponent 1.5 was found from theoretical considerations and confirmed via off-lattice Monte Carlo simulations of living polymer brushes [27]. One must bear in mind that in the latter work grafting density was lower and the kinetics of growing chains was different (reversible polymerization). Thus, the main contribution to the higher values of exponents is the extension of chains along the normal to the grafting surface. The exponents concerning chains in the double brush are smaller than those for the fully extended chains (rods) where 2ν ≈ 2 and smaller than the exponents obtained by the bond fluctuation model where ν = 1.16 was found for grafting density 0.03 and 2ν = 1.93 was found for grafting density 0.1 [67]. In the second regime, i.e., for longer chains, the scaling exponents R2ee ~ DPn0.67±0.07, H2 ~ DPn0.70±0.07, and R2g ~ DPn0.70±0.06 are considerably lower than the exponent for dense polymer melt and even lower than for chains collapsed into globules, where 2ν ≈ 2/3. Moreover, one has to remember that the local polymer concentration is not very high and even for longer chains is between 0.3 and 0.7. This unexpected scaling behavior in the second regime can be explained by the increase in the size of short chains with increasing DPn and compression of longer ones resulting in flower conformation. The above behavior suggests that the mutual interaction of both brushes starts for chains DPn > 100, but it does also for shorter chains, as will be shown later. The conclusions drawn from the above discussion on the dependency of the chain size parameters vs. their length can be supported by the analysis of chain orientations. For this purpose, the angle between the end-to-end vector Ree and the grafting surface (the one to which the chain is grafted) was calculated [42]. Figure 2b presents the squared sinus of this angle as a function of the chain length. It is clear that the shortest chains exhibit smaller tilt angles, although these angles increase rather rapidly. The lowest values of sin2 are considerably above the mean value (1/3) that characterizes a random distribution of orientations. Therefore, the orientation of short chains can be treated as almost random regardless of the number averaged degree of polymerization DPn of the given system. For intermediate chains (length between 75 and 150 going from DPn = 50 to DPn = 160), tilt angles stabilize near the value 0.9; i.e., the longer chains are almost perpendicular to the grafting surface. The further increase in chain length leads to a slight decrease in tilt angles, apparently due to the impact of the second brush. What is interesting for long chains is that there is no difference in tilt angles for different values of DPn although both brushes are compressed.



Figure 3a–d shows snapshots of the entire system under consideration for DPn = 50 and 110 and for σ = 0.1, 0.3, and 0.4. Solvent molecules are not shown for clarity. As each brush is marked with a different color, one can easily notice the border between them. One can observe that the increase in chain length leads to a very weak interpenetration of brushes. A similar situation occurred when the grafting density increases above σ = 0.3.



The dynamic properties of the solvent are discussed as a first point of the dynamic properties of the simulated system. The mobility of solvent was calculated as the probability of motion pm of a solvent molecule, i.e., the ratio of the number of performed moves in a given lattice node (when it was occupied by solvent) and the total time units in a simulation production run. This probability was averaged over the given plane xy. The probability of motion is connected to the movement waiting time, and a detailed discussion on these issues was already presented elsewhere [50,68]. In Figure 4 the reduced mobility is presented, i.e., mobility divided by the mobility calculated for solvent molecules in the solution without the presence of polymer chains pm0 = 0.0588 [68]. Figure 4 presents the changes in the reduced mobility of solvent molecules in the brush across the slit for different degrees of polymerization DPn. One can observe that the shapes of curves are almost opposite to those of the polymer density profiles presented in Figure 1. Significant changes in the probability of motion across the slit prove the heterogeneity of the system studied. The reduction in the solvent mobility is of an order of magnitude across the whole slit in the system with the highest degree of polymerization (DPn = 160). For opposing polymer brushes consisting of shorter chains, the reduction in pm is almost the same but only in the neighborhood of the grafting surfaces.



Figure 4b shows the solvent density profiles for the systems presented in Figure 4a. One can observe that the shapes of these curves are almost exactly the same as those of solvent reduced mobility and, thus, can be directly correlated.



The long-time dynamic properties of soft matter systems can be studied by means of mean squared displacement (MSD) Δr2. The MSD of solvent molecules is defined as   Δ  r 2   ( t )  =  1 N    ∑   i = 1  N   [     (   r i   ( t )  −  r i   ( 0 )   )   2   ]   , where ri(t) are the coordinates of the ith bead at time t and N is the number of solvent molecules. In general, the dependency of the mean squared displacement on time can be written as Δr2 ~ tα. If the diffusion is normal, i.e., it follows the Einstein relation with the exponent α = 1, the case α < 1 corresponds to a subdiffusive (anomalous) motion that is expected in complex macromolecular systems [69]. Figure 5a presents the MSD as a function of time in a double logarithmic plot. It seems that the plots for all brushes studied exhibit a common scaling behavior t1 for solvent, but the closer examination of these curves reveals nonlinearity, at least for intermediate times. A more detailed discussion of polymer dynamics is presented later. The mean squared displacement divided by time as a function of time was plotted (Figure 5b) to reveal a deviation from Einstein law and the appearance of anomalous diffusion for solvent. Here the MSD function parallel to the time axis corresponds to the case of normal diffusion. Such regions where a normal diffusion is present are clearly observed for a very short time and the end of the trajectory. At intermediate times, a subdiffusive motion appears for brushes with both low and high DPn. Except for brushes with DPn = 30–70, the shape of curves is more complex, and this effect is discussed below. The density of polymer in the system is apparently above the static percolation threshold, at least for brushes with a higher degree of polymerization. Despite this, the motion of solvent is not limited at a longer time, which can be explained by the fact that the obstacles, i.e., polymer chains, are also mobile—it was shown that the percolation threshold is not observed for mobile obstacles [70,71]. Further insight into anomalous diffusion can be obtained from the analysis of the solvent mobility in a given layer, i.e., at a given distance from the grafting surface (the closer one). Of course, during the simulation, solvent molecules can change layers; therefore, these results can be treated only as a qualitative description of the influence of the local structure of the system on solvent motion. Figure 5c presents the mean square displacement calculated for the solvent molecules that were located, at the beginning of the simulation, on the surface (z = 2) and in the middle of the slit (z = 72). The results presented concern the degree of polymerization DPn = 110, i.e., the case where opposed brushes interact with each other. The difference in polymer density is approximately 2-fold for these cases (see Figure 1a,b). Solvent molecules that start to move in the layers close to the surface are considerably hindered by the presence of polymer chains, and their mobility is an order of magnitude lower than in the middle of the slit. Moreover, a well-defined transient subdiffusive region is observed, and it is the deviation from the normal diffusion that decreases with the distance from the grafting surface. These results are consistent with the molecular dynamics simulations of atomistic and coarse-grained model polymers in the slit [72,73].



It is difficult to identify regions of anomalous diffusion using only MSD function because the changes in the exponent α are rather small. Therefore, the exponent α was calculated as a logarithmic derivative   α = d  (  l o g  (  Δ  r 2   ( t )   )   )  / d  (  l o g ( t  )  )  . Figure 6a presents the dependency of the exponent α on time for σ = 0.3. The deviations from the value α = 1 were found at a time between 101 and 104 (the first minimum) and for considerably longer times between 104 and 108 (the second minimum). The depth of the first one approaches the value 0.85 for the highest degree of polymerization and shifts slightly towards longer times with the increase in DPn. The same behavior was observed for the second minimum, although the changes in depth were smaller while the shift was considerably larger. To recognize the reason for the appearance of these two deviations from the normal diffusion, additional simulations were carried out: for an opposing polymer brush without grafting surfaces (the ends of chains were pinned and located at a virtual surface) and for a slit filled with solvent molecules but without polymer chains. The results of these additional simulations are included in Figure 6a. The exponent α calculated for a slit with solvent only does not exhibit the first minimum and does exhibit the second one. This behavior implies that the first minimum relates to the presence of an opposing polymer brush in the slit, while the second one is apparently caused by the presence of a pair of impenetrable surfaces. The confirmation of this statement can be found by analysis of the behavior of α for an analogous polymer system but without surfaces. Here the first minimum is observed (although the second one is also present but considerably shallowed—grafting sites are still present and immobile). Minima on the exponent α curves for polymer solutions without confining surfaces were also found for a time near 103 (these curves, however, were less complex) [74].



Figure 6b presents the changes in the exponent α with time for various grafting densities σ. The σ value does not influence the shape of α(t) curves, and the increase in σ shifts the minima of curves towards longer times. The changes in α depend strongly on the grafting density: the higher σ is, the deeper the minimum on an α curve is. The depth of the second minima, i.e., the one caused by the presence of the walls, does not change.



Long-timescale dynamics of the system is usually characterized by the self-diffusion coefficient D calculated from the mean squared displacement Δr2 as D = Δr2/6t. Values of the diffusion coefficient were determined in time windows where the diffusion was Fickian, i.e., where Δr2 ~ t1. Such regions of MSD were found for all systems under consideration at the longest times, i.e., at the ends of trajectories. Figure 7 presents the self-diffusion coefficient D/D0 as a function of the degree of polymerization, normalized by the value determined for a system containing molecules of solvent only with no polymer and no surfaces. One can easily identify two regimes of the self-diffusion coefficient scaling behavior. In both regimes, the ratio D/D0 decreases linearly: for a small degree of polymerization (DPn ≤ 90), where brushes are mostly separated, D/D0 ~ DPn−1.40. For compressed brush systems with a higher degree of polymerization, this dependency was found considerably stronger: D/D0 ~ DPn−2.83. One has to remember that the degree of polymerization is proportional to the polymer concentration according to the formula    Φ p  = 2 n 〈 D  P n  〉 /  (  2 d  L 2   )   . Therefore, the dependence on the polymer concentration can be simultaneously studied.



One could also approximate the changes in the reduced self-diffusion coefficient by formulas determined from theoretical considerations [75]. Two simple theories have been chosen. The first was the Mackie–Meares [76]; as one of the obstructive theories (based on the probability of occupation of neighboring lattice sites), it seems to be the most appropriate because of the model used in simulations D/D0 = ((1 − Φp)/(1 + Φp))2. The Yasuda theory [77] was also applied. This theory, based on free volume (an effective free volume is attributed mainly to solvent molecules), was used because it turned out useful for polymer systems studied by means of the DLL model [54,74] D/D0 = exp(BΦp/(1 − Φp)), where B is a constant depending on the free volume. Figure 8 presents the reduced self-diffusion coefficient D/D0 as a function of polymer concentration Φp and Φp /(1 − Φp) and the results of the fits to both above-mentioned theories. One can observe that both fits are quite good (especially for high Φp), but the Yasuda theory gives a slightly better approximation. It has to be remembered that the opposing polymer brushes studied in this work, except for the systems characterized by a very high degree of polymerization, are systems that are not homogeneous with respect to polymer concentration. Therefore, despite a good fit, the better choice is to describe the changes in the self-diffusion coefficient by scaling relations as presented above in Figure 7, where differences between the two types of brushes are clearly visible. The dynamics of solvent in opposing polymer brushes can also be compared to the diffusion of solvent molecules in other polymer systems studied within the frame of the DLL model, although one has to remember that those studies dealt with monodisperse systems [54,74]. In two-dimensional solutions containing macromolecules with frozen conformations, D/D0 behaves in a different way; i.e., it follows a modified version of Mackie–Meares and Yasuda theories (the modification was necessary due to the percolation problem not present here) [57]. In three-dimensional systems, in a wide range of polymer lengths, the scaling behavior of D/D0 was found, and the scaling exponent was calculated as 1.34, i.e., slightly lower than that for separated opposing polymer brushes studied here [74].



The influence of the grafting density on the reduced self-diffusion is presented in Figure 9. The decrease in solvent mobility is strong, and one can describe it as exponential: D/D0 ~ exp(−σ).



The dynamics of macromolecules in opposing polymer brush systems is also interesting as the motion of solvent molecules occurs in cooperation with polymer beads. The motion of the entire macromolecules is restricted due to their grafting, and therefore, the motion of chain ends, which are the most mobile, was studied. It should be noted that higher mobility of chain ends (when compared to inner polymer beads) was also found for free macromolecules in bulk [78,79]. It is shown that the upper part of the grafted chain relaxes an order of magnitude faster than the part close to the grafting point [42,43]. Figure 10 presents the mean squared displacement of chain ends as a function of time in a double logarithmic plot. Three different regimes can be distinguished for each degree of polymerization. In each regime, all chains exhibit the same scaling behavior regardless the degree of polymerization: the short time regime (below 102), where Δr2 ~ t0.91; the intermediate regime (between 102 and 106), where Δr2 ~ t0.43; and the long time regime, where Δr2 remains constant. The last regime corresponds to a limited motion, which is obvious as the chains are firmly anchored to the grafting surfaces. Using the same DLL model for a solution of polymer chains that can freely move (systems with varied chain lengths and concentrations but monodisperse), a different scaling was found: roughly Δr2 ~ t1 for short times (<102) and Δr2 ~ t0.3 (short chains) and t0.4 (long chains) for longer times (between 102 and 105) [54]. Recent Monte Carlo simulation studies of single brushes based on the bond fluctuation model and with the grafting density σ = 0.11 showed that the mean squared displacement scales with time like t0.5 (at longer time) and then flattens out [80].




4. Discussion


Dynamics of opposing polymer brushes were studied using a unique simulation algorithm dynamic lattice liquid (DLL) model based on the cooperative movement concept and unique hardware Analyzer of Real Complex Systems (ARUZ). DLL is a class of Monte Carlo simulation algorithm. In this model, cooperative rearrangements of a system have the form of closed loops of displacements, and this model allows the study of lattice systems (face-centered cubic lattice in this work) with all lattice sites of the systems occupied by polymers and solvent molecules. ARUZ is a fully parallel data processing system equipped with low-latency communication channels, dedicated to the simulation of systems consisting of a large number of elements interacting locally. The polymerization process in which opposing polymer brush systems were obtained was performed by means of DLL with realistic reaction parameters. In summary, opposing polymer brushes were simulated with a variety of enhancements at once, such as large system size, long simulation times, high grafting density, high polymer concentration, and realistic polymerization using the DLL algorithm on the state-of-the-art ARUZ hardware.



The main conclusions of this paper are related to the closely connected structural and dynamic properties of opposing polymer brushes. Main results indicated that the density profiles of unconstrained and weakly constrained brushes were almost linear functions of distance (except edges) from the surfaces. This kind of behavior is expected for polydisperse brushes and therefore justifies the choice of method. The focus was put on the motion of solvent molecules in such a complex system as studied. The appearance of anomalous diffusion for all systems studied was shown; what is more, the short- and long-time diffusion was found to be normal, satisfying Einstein’s law. The mobility of solvent depended on the distance from the grafting surface and reflected polymer density profiles. It was also shown that the long-time self-diffusion coefficient depended strongly on the degree of polymerization and on the polymer concentration. This dependency was found more pronounced for brushes consisting of longer chains. The changes in the self-diffusion coefficient with polymer concentration showed that it can be described by obstructive or free volume theories and, generally, by simple scaling relations with high scaling exponent. Based on the mobility of solvent in different layers of the slit, the possibility to capture the changes in solvent mobility was shown. It can be attributed to the escape of solvent from a dense polymer system into a more mobile solvent region—this was possible for opposing polymer brushes with a well-defined gap between them.







Author Contributions


Conceptualization, P.P. and M.B.; methodology, K.H. and A.S.; validation, K.H., A.S. and J.J.; formal analysis, K.H.; investigation, K.H., A.S. and P.P.; data curation, K.H. and J.J.; writing—original draft preparation, A.S., K.H. and M.B.; writing—review and editing, K.H. and A.S.; visualization, K.H.; supervision, K.H. and A.S.; project administration, A.S.; funding acquisition, A.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the Polish National Science Center grant UMO-2017/25/B/ST5/01970.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author upon reasonable request.




Acknowledgments


Simulations were performed on the dedicated parallel machine ARUZ, BioNanoPark in Lodz, Poland. The authors acknowledge J. K. Jeszka (Lodz University of Technology) for helpful discussions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Eisenriegler, E. Polymers Near Surfaces; World Scientific: Singapore, 1993. [Google Scholar]

	



Teraoka, I. Polymer solutions in confining geometries. Prog. Polym. Sci. 1996, 21, 89–149. [Google Scholar] [CrossRef]

	



Chen, W.-L.; Cordero, R.; Tran, H.; Ober, C.K. 50th anniversary perspective: Polymer brushes: Novel surfaces for future materials. Macromolecules 2017, 50, 4089–4113. [Google Scholar] [CrossRef]

	



Brittain, W.J.; Minko, S. A structural definition of polymer brushes. J. Polym. Sci. Part A Polym. Chem. 2007, 45, 3505–3512. [Google Scholar] [CrossRef]

	



Zhao, B.; Brittain, W.J. Polymer brushes: Surface-immobilized macromolecules. Prog. Polym. Sci. 2000, 25, 677–710. [Google Scholar] [CrossRef]

	



Zoppe, J.O.; Ataman, N.C.; Mocny, P.; Wang, J.; Moraes, J.; Klok, H.-A. Surface-initiated controlled radical polymerization: State-of-art, opportunities, and challenges in surface and interface engineering with polymer brushes. Chem. Rev. 2017, 117, 1105–1318. [Google Scholar] [CrossRef]

	



Yan, J.; Bockstaller, M.R.; Matyjaszewski, K. Brush-modified materials: Control of molecular architecture, assembly behavior, properties and applications. Prog. Polym. Sci. 2020, 100, 101180. [Google Scholar] [CrossRef]

	



Binder, K.; Milchev, A. Polymer brushes on flat and curved surfaces: How computer simulations can help to test theories and to interpret experiments. J. Polym. Sci. Part B Polym. Phys. 2012, 50, 1516–1555. [Google Scholar] [CrossRef]

	



Reith, D.; Milchev, A.; Virnau, P.; Binder, K. Computer simulation studies of chain dynamics in polymer brushes. Macromolecules 2012, 45, 4381–4393. [Google Scholar] [CrossRef]

	



Deng, B.; Palermo, E.F.; Shi, Y. Comparison of chain-growth polymerization in solution versus on surface using reactive coarse-grained simulations. Polymer 2017, 129, 105–118. [Google Scholar] [CrossRef]

	



Elliot, I.G.; Kuhl, T.L.; Faller, R. Molecular simulation study of the structure of high density polymer brushes in good solvent. Macromolecules 2010, 43, 9131–9138. [Google Scholar] [CrossRef]

	



Murat, M.; Grest, G.S. Structure of a grafted polymer brush: A molecular dynamics simulation. Macromolecules 1989, 22, 4054–4059. [Google Scholar] [CrossRef]

	



Malfreyt, P.; Tildesley, D.J. Dissipative Particle Dynamics simulations of grafted polymer chains between two walls. Langmuir 2000, 16, 4732–4740. [Google Scholar] [CrossRef]

	



Pakula, T.; Zhulina, E.B. Computer simulations of polymers in thin layers. II. Structure of polymer melt layers consisting of end-to-end grafted chains. J. Chem. Phys. 1991, 95, 4691–4697. [Google Scholar] [CrossRef]

	



Zhulina, E.B.; Pakula, T. Structure of dense polymer layers between end-grafting and end-adsorbing walls. Macromolecules 1992, 25, 754–758. [Google Scholar] [CrossRef]

	



Kuznetsov, D.V.; Balazs, A.C. Phase behavior of end-functionalized polymers confined between two surfaces. J. Chem. Phys. 2000, 113, 2479–2483. [Google Scholar] [CrossRef]

	



Lai, P.Y.; Binder, K. Structure and dynamics of grafted polymer layers—A Monte Carlo simulation. J. Chem. Phys. 1991, 95, 9288–9299. [Google Scholar] [CrossRef]

	



Lai, P.Y.; Binder, K. Structure and dynamics of polymer brushes near the theta point—A Monte Carlo simulation. J. Chem. Phys. 1992, 97, 586–595. [Google Scholar] [CrossRef]

	



Stadler, C.; Schmid, F. Phase behavior of grafted chain molecules: Influence of head size and chain length. J. Chem. Phys. 1999, 110, 9697–9705. [Google Scholar] [CrossRef]

	



Stadler, C.; Lange, H.; Schmid, F. Short grafted chains: Monte Carlo simulations of a model for monolayers of amphiphiles. Phys. Rev. E 1999, 59, 4248–4257. [Google Scholar] [CrossRef]

	



Huang, J.; Jiang, W.; Han, S. Dynamic Monte Carlo simulation on the polymer chain with one end grafted on a flat surface. Macromol. Theory Simul. 2001, 10, 339–342. [Google Scholar] [CrossRef]

	



Polanowski, P.; Hałagan, K.; Pietrasik, J.; Jeszka, J.K.; Matyjaszewski, K. Growth of polymer brushes by “grafting from” via ATRP—Monte Carlo simulations. Polymer 2017, 130, 267–279. [Google Scholar] [CrossRef]

	



Genzer, J. In silico polymerization: Computer simulation of controlled radical polymerization in bulk and on flat surfaces. Macromolecules 2006, 39, 7157–7169. [Google Scholar] [CrossRef]

	



Turgman-Cohen, S.; Genzer, J. Computer simulation of controlled radical polymerization: Effect of chain confinement due to initiator grafting density and solvent quality in “grafting from” method. Macromolecules 2010, 43, 9567–9577. [Google Scholar] [CrossRef]

	



Turgman-Cohen, S.; Genzer, J. Computer simulation of concurrent bulk- and surface-initiated living polymerization. Macromolecules 2012, 45, 2128–2137. [Google Scholar] [CrossRef]

	



Jalili, K.; Abbasi, F.; Milchev, A. Dynamic compression of in situ grown living polymer brush: Simulation and experiment. Macromolecules 2012, 45, 9827–9840. [Google Scholar] [CrossRef]

	



Milchev, A.; Wittmer, J.P.; Landau, D.P. Formation and equilibrium properties of living polymer brushes. J. Chem. Phys. 2000, 112, 1606–1615. [Google Scholar] [CrossRef]

	



Binder, K. Scaling concepts for polymer brushes and their test with computer simulation. Eur. Phys. J. E 2002, 9, 293–298. [Google Scholar] [CrossRef]

	



Netz, R.R.; Schick, M. Polymer brushes: From self-consistent field theory to classical theory. Macromolecules 1998, 31, 5105–5122. [Google Scholar] [CrossRef]

	



Milner, S.T.; Witten, T.A.; Cates, M.E. Theory of the grafted polymer brush. Macromolecules 1988, 21, 2610–2619. [Google Scholar] [CrossRef]

	



Zhulina, E.B.; Borisov, O.V.; Pryamitsyn, V.A.; Birshtein, T.M. Coil globule type transitions in polymers. 1. Collapse of layers of grafted polymer-chains. Macromolecules 1991, 24, 140–149. [Google Scholar] [CrossRef]

	



Wittmer, J.; Johner, A.; Joanny, J.F.; Binder, K. Some dynamic properties of grafted polymer layers. Colloids Surf. A Physicochem. Eng. Asp. 1994, 86, 85–89. [Google Scholar] [CrossRef]

	



de Vos, W.M.; Leermakers, F.A.M. Modeling the structure of a polydisperse polymer brush. Polymer 2009, 50, 305–316. [Google Scholar] [CrossRef]

	



Matsen, M.W. Field theoretic approach for block polymer melts: SCFT and FTS. J. Chem. Phys. 2020, 152, 110901. [Google Scholar] [CrossRef]

	



Milner, S.T. Polymer brushes. Science 1991, 251, 905–914. [Google Scholar] [CrossRef] [PubMed]

	



Kreer, T. Polymer-brush lubrication: A review of recent theoretical advances. Soft Matter 2016, 12, 3479–3501. [Google Scholar] [CrossRef]

	



Klushin, L.I.; Skvortsov, A.M.; Qi, S.; Kreer, T.; Schmid, F. Polydispersity effects on interpenetration in compressed brushes. Macromolecules 2019, 52, 1810–1820. [Google Scholar] [CrossRef]

	



Galuschko, A.; Spirin, L.; Kreer, T.; Johner, A.; Pastorino, C.; Wittmer, J.; Baschnagel, J. Frictional forces between strongly compressed, nonentangled polymer brushes: Molecular dynamics simulations and scaling theory. Langmuir 2010, 26, 6418–6429. [Google Scholar] [CrossRef]

	



Desai, P.R.; Sinha, S.; Das, S. Compression of polymer brushes in the weak interpenetration regime: Scaling theory and molecular dynamics simulations. Soft Matter 2017, 13, 4159–4166. [Google Scholar] [CrossRef]

	



Tai, C.-H.; Pan, G.-T.; Yu, H.-Y. Entropic effects in solvent-free bidisperse polymer brushes investigated using Density Functional Theories. Langmuir 2019, 35, 16835–16849. [Google Scholar] [CrossRef]

	



Zhulina, E.B.; Rubinstein, M. Lubrication by polyelectrolyte brushes. Macromolecules 2014, 47, 5825–5838. [Google Scholar] [CrossRef]

	



Romiszowski, P.; Sikorski, A. Properties of polymer sandwich brushes. Colloids Surf. A Physicochem. Eng. Asp. 2008, 321, 254–257. [Google Scholar] [CrossRef]

	



Romiszowski, P.; Sikorski, A. The Monte Carlo dynamics of polymer chains in sandwich brushes. Rheol. Acta 2008, 47, 565–569. [Google Scholar] [CrossRef]

	



Mendonça, A.; Goujon, F.; Malfreyt, P.; Tildedsley, D.J. Monte Carlo simulations of the static friction between two grafted polymer brushes. Phys. Chem. Chem. Phys. 2016, 18, 6164–6174. [Google Scholar] [CrossRef]

	



Murat, M.; Grest, G.S. Interaction between grafted polymeric brushes: A molecular-dynamics study. Phys. Rev. Lett. 1989, 63, 1074–1077. [Google Scholar] [CrossRef]

	



Goujon, F.; Ghoufi, A.; Malfreyt, P.; Tildesley, D.J. Frictional forces in polyelectrolyte brushes: Effects of sliding velocity, solvent quality and salt. Soft Matter 2012, 8, 4635–4644. [Google Scholar] [CrossRef]

	



Goujon, F.; Ghoufi, A.; Malfreyt, P.; Tildesley, D.J. The kinetic friction coefficient of neutral and charged polymer brushes. Soft Matter 2013, 9, 2966–2972. [Google Scholar] [CrossRef]

	



Hehmeyer, O.J.; Stevens, M.J. Molecular dynamics simulations of grafted polyelectrolytes on two apposing walls. J. Chem. Phys. 2005, 122, 134909. [Google Scholar] [CrossRef] [PubMed]

	



Pakula, T. Simulation on the Completely Occupied Lattices. In Simulation Methods for Polymers; Kotelyanskii, M., Theodorou, D.N., Eds.; Marcel Dekker: New York, NY, USA, 2004. [Google Scholar]

	



Polanowski, P.; Sikorski, A. Simulation of diffusion in a crowded environment. Soft Matter 2014, 10, 3597–3607. [Google Scholar] [CrossRef]

	



Gao, H.; Polanowski, P.; Matyjaszewski, K. Gelation in living copolymerization of monomer and divinyl cross linker: Comparison of ATRP experiments with Monte Carlo simulations. Macromolecules 2009, 42, 5925–5932. [Google Scholar] [CrossRef]

	



Polanowski, P.; Jeszka, J.K.; Matyjaszewski, K. Modeling of branching and gelation in living copolymerization of monomer and divinyl cross-linker using dynamic lattice liquid model (DLL) and Flory–Stockmayer model. Polymer 2010, 51, 6084–6092. [Google Scholar] [CrossRef]

	



Polanowski, P.; Jeszka, J.K.; Krysiak, K.; Matyjaszewski, K. Influence of intramolecular crosslinking on gelation in living copolymerization of monomer and divinyl cross-linker. Monte Carlo simulation studies. Polymer 2015, 79, 171–178. [Google Scholar] [CrossRef]

	



Kozanecki, M.; Halagan, K.; Saramak, J.; Matyjaszewski, K. Diffusive properties of solvent molecules in the neighborhood of a polymer chain as seen by Monte-Carlo simulations. Soft Matter 2016, 12, 5519–5528. [Google Scholar] [CrossRef] [PubMed]

	



Matyjaszewski, K.; Dong, H.; Jakubowski, W.; Pietrasik, J.; Kusumo, A. Grafting from surfaces for “everyone”: ARGET ATRP in the presence of air. Langmuir 2007, 23, 4528–4531. [Google Scholar] [CrossRef] [PubMed]

	



Matyjaszewski, K.; Miller, P.J.; Shukla, N.; Immaraporn, B.; Gelman, A.; Luokala, B.B.; Silovan, T.M.; Kickelbick, G.; Vallant, T.; Hoffmann, H.; et al. Polymers at interfaces: Using atom transfer radical polymerization in the controlled growth of homopolymers and block copolymers from silicon surfaces in the absence of untethered sacrificial initiator. Macromolecules 1999, 32, 8716–8724. [Google Scholar] [CrossRef]

	



Tsuji, Y.; Ohno, K.; Yamamoto, S.; Goto, A.; Fukuda, T. Structure and properties of high-density polymer brushes prepared by surface-initiated living radical polymerization. Adv. Polym. Sci. 2006, 197, 1–45. [Google Scholar]

	



Khabibullin, A.; Mastan, E.; Matyjaszewski, K.; Zhu, S. Surface-initiated atom transfer radical polymerization. Adv. Polym. Sci. 2016, 270, 29–76. [Google Scholar]

	



Polanowski, P.; Jeszka, J.K.; Matyjaszewski, K. Polymer brush relaxation during and after polymerization—Monte Carlo simulation study. Polymer 2019, 173, 190–196. [Google Scholar] [CrossRef]

	



Kiełbik, R.; Hałagan, K.; Zatorski, W.; Jung, J.; Ulański, J.; Napieralski, A.; Rudnicki, K.; Amrozik, P.; Jabłoński, G.; Stożek, D.; et al. ARUZ–Large-scale, Massively parallel FPGA-based Analyzer of Real Complex Systems. Comput. Phys. Commun. 2018, 232, 22–34. [Google Scholar] [CrossRef]

	



Jung, J.; Polanowski, P.; Kiełbik, R.; Zatorski, W.; Ulański, J.; Napieralski, A.; Pakuła, T.; Hałagan, K. A Parallel Machine Having Operational Cells Located at Nodes of a Face Centered Lattice. European Patent EP3079073A1, 12 October 2016. [Google Scholar]

	



Jung, J.; Polanowski, P.; Kiełbik, R.; Zatorski, W.; Ulański, J.; Napieralski, A.; Pakuła, T.; Hałagan, K. A Parallel Machine with Reduced Number of Connections between Logical Circuits. European Patent EP3079072A1, 12 October 2016. [Google Scholar]

	



Jung, J.; Polanowski, P.; Kielbik, R.; Halagan, K.; Zatorski, W.; Ulański, J.; Napieralski, A.; Pakula, T. System of Electronic Modules Having a Redundant Configuration. European Patent EP3079066B1, 23 August 2017. [Google Scholar]

	



Jung, J.; Polanowski, P.; Kielbik, R.; Halagan, K.; Zatorski, W.; Ulański, J.; Napieralski, A.; Pakula, T. A Panel with Electronic Circuits and a Set of Panels. European Patent EP3079071B1, 1 August 2018. [Google Scholar]

	



Jung, J.; Kiełbik, R.; Hałagan, K.; Polanowski, P.; Sikorski, A. Technology of Real-World Analyzers (TAUR) and its practical application. Comput. Methods Sci. Technol. 2020, 26, 69–75. [Google Scholar]

	



Teraoka, I. Polymer Solutions. An Introduction to Physical Properties; Wiley-Interscience: New York, NY, USA, 2002. [Google Scholar]

	



Baschnagel, J.; Paul, W.; Tries, V.; Binder, K. Statics and dynamics of bidisperse polymer melt. A Monte Carlo study of the Bond-Fluctuation-Model. Macromolecules 1998, 31, 3856–3867. [Google Scholar] [CrossRef]

	



Polanowski, P.; Pakula, T. Studies of mobility, interdiffusion, and self-diffusion in two-component mixtures using the dynamic lattice liquid model. J. Chem. Phys. 2003, 118, 11139–11146. [Google Scholar] [CrossRef]

	



Ben-Avraham, D.; Havlin, S. Diffusion and Reactions in Fractals and Disordered Systems; Cambridge University Press: Cambridge, UK, 2000. [Google Scholar]

	



Wedemeier, A.; Merlitz, H.; Langowski, J. Anomalous diffusion in the presence of mobile obstacles. Europhys. Lett. 2009, 88, 38004. [Google Scholar] [CrossRef]

	



Vilaseca, E.; Isvoran, A.; Madurga, S.; Pastor, L.; Garcés, J.L.; Mas, F. New insights into diffusion in 3D crowded media by Monte Carlo simulations: Effect of size, mobility and spatial distribution of obstacles. Phys. Chem. Chem. Phys. 2011, 13, 7396. [Google Scholar] [CrossRef]

	



Eslami, H.; Müller-Plathe, F. How thick is the interphase in an ultrathin polymer film? Coarse-grained molecular dynamics simulations of polyamide-6,6 on graphene. J. Phys. Chem. C 2013, 117, 5249–5257. [Google Scholar] [CrossRef]

	



Eslami, H.; Rahimi, M.; Müller-Plathe, F. Molecular dynamics simulation of a silica nanoparticle in oligomeric poly(methyl methacrylate): A model system for studying the interphase thickness in a polymer−nanocomposite via different properties. Macromolecules 2013, 46, 8680–8692. [Google Scholar] [CrossRef]

	



Polanowski, P.; Sikorski, A. Diffusion of small particles in polymer films. J. Chem. Phys. 2017, 147, 014902. [Google Scholar] [CrossRef] [PubMed]

	



Masaro, L.; Zhu, X.X. Physical models of diffusion for polymer solutions, gels and solids. Prog. Polym. Sci. 1999, 24, 731–775. [Google Scholar] [CrossRef]

	



Mackie, J.S.; Meares, P. The diffusion of electrolytes in a cation-exchange resin membrane I. Theoretical. Proc. R. Soc. Lond. Ser. A Math. Phys. Sci. 1955, 232, 498–509. [Google Scholar]

	



Yasuda, H.; Lamaze, C.E.; Ikenberry, L.D. Permeability of solutes through hydrated polymer membranes. Part I. Diffusion of sodium chloride. Makromol. Chem. 1968, 118, 19–35. [Google Scholar]

	



Eslami, H.; Müller-Plathe, F. Structure and mobility of poly(ethylene terephthalate): A Molecular dynamics simulation study. Macromolecules 2009, 42, 8241–8250. [Google Scholar] [CrossRef]

	



Golmohammadi, N.; Boland-Hemmat, M.; Barahmand, S.; Eslami, H. Coarse-grained molecular dynamics simulations of poly(ethylene terephthalate). J. Chem. Phys. 2020, 152, 114901. [Google Scholar] [CrossRef] [PubMed]

	



Lang, M.; Werner, M.; Dockhorn, R.; Kreer, T. Arm retraction dynamics in dense polymer brushes. Macromolecules 2016, 49, 5190–5201. [Google Scholar] [CrossRef]








[image: Polymers 13 02758 g001 550] 





Figure 1. Polymer density profiles across the slit for different number averaged degrees of polymerization DPn (a) and for different grafting densities σ (b). Thick lines show total segment density (both brushes together) and thin lines represent the densities of single brushes. 
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Figure 2. Mean squared end-to-end distance R2ee, mean squared height H2, and mean squared radius of gyration R2g as a function of DPn; the results for a single polymer brush are presented as a dashed line for comparison (based on simulations presented in [22]) (a). The angle between an end-to-end vector and the grafting surface (chains’ tilt angles) as a function of the chain length for different DPn values (b). The case of σ = 0.3. 
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Figure 3. Configuration of an opposing polymer brush system for various values of DPn and grafting density σ. Each brush is displayed in a different color. Red dots mark ends of the polymer chains. σ = 0.1 grafting density was shown to present that in this case the brushes are not in contact. The cases of σ = 0.3, DPn = 50 (a); σ = 0.3, DPn = 110 (b); σ = 0.1, DPn = 110 (c); and σ = 0.4, DPn = 110 (d). 
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Figure 4. The normalized solvent mobility pm/pm0 as a function of the position across the slit (a). Solvent density profiles (b). The degrees of polymerization DPn are given in the insets. The case of σ = 0.3. 
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Figure 5. The mean squared displacement (MSD) of solvent and polymer molecules (a) and MSD/t (b) as functions of time for solvent. The degrees of polymerization DPn are given in the insets. The case of σ = 0.3. MSD for solvent with various initial surface proximities (cross-section number z) for two selected grafting densities (c). 
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Figure 6. The exponent α (see text for details) as a function of time for various chain lengths at σ = 0.3 (a). Dashed lines represent the case of flat surfaces only (no chains) and surfaces without nongrafting surface sites (grafting chain ends were still immobile). The exponent α as a function of grafting density for DPn = 110 (b). The degrees of polymerization DPn and σ values are given in the insets. 
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Figure 7. Reduced self-diffusion coefficient D/D0 for solvent as a function of the degree of polymerization DPn. The case of σ = 0.3. 
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Figure 8. Solvent reduced self-diffusion coefficient D/D0 as a function of the polymer concentration Φp (top axis) and Φp /(1 − Φp) (bottom axis). The fits to Mackie–Meares and Yasuda theories are also marked. The case of σ = 0.3. 
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Figure 9. Solvent reduced self-diffusion coefficient D/D0 as a function of grafting density σ. 
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Figure 10. Mean squared displacement of chain ends as a function of time. The degrees of polymerization DPn are given in the inset. The case of σ = 0.3. 
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