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Abstract

:

Single and double layers of polymer coated surfaces are investigated by means of Dissipative Particle Dynamics (DPD), focusing on the difference between grafted ring and linear chains. Several different surface coverages σ, as well as chain lengths N and brush separations D, are analyzed for athermal, i.e., good solvent, conditions. The size in the form of the radius of gyration Rg, the shape as asphericity δ∗, and orientation β∗, as well as density profiles as functions of distance from grafting plane ρ(z), are studied. The effect of an added bond repulsion potential to suppress bond crossing in DPD is analyzed. Scaling laws of Rg and its components Rg⊥ and Rg∥ are investigated. We find Rg∝Nν,ν=0.588 for surface coverages below the overlap surface concentration σ∗. For σ>σ∗ we find Rg⊥∝Nν⊥,ν⊥≅1 and Rg∥∝Nν∥,ν∥=1/2 of ring brushes with the standard DPD model and ν∥≅2/5 with added bond repulsion. The σ dependence of the radius of gyration was found to be Rg∝σμ with μ=1/3 for surface coverages grater than σ∗. The perpendicular component Rg⊥ scales independent of the bond repulsion potential as Rg⊥∝σμ⊥,μ⊥=1/3, whereas the scaling of the parallel component exhibits a topological repulsion dependence Rg∥∝σμ∥,μ∥=−1/12 for standard DPD and μ∥=−1/6 for bond repulsion.
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1. Introduction


The process of grafting polymers to a surface paves the way into a versatile and interesting field of technological and industrial, as well as academic, uses. Oil recovery, friction, lubrication adhesion and wetting properties, colloidal stabilization, modification of surface chemistry, biocompatibility, protective coatings, and microfluidic devices are only some of the manifold applications conceivable with polymer coated surfaces. Due to this broad field of application it is no wonder that, during the last few decades, polymer brushes have been a subject of intensive study by experiment [1,2,3,4,5,6,7,8,9,10,11,12,13], theory [14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31], and simulation [32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52]. Prominent reference models for the behavior of dense planar polymer brushes are the Alexander-deGennes brush [14,15], as well as the celebrated parabolic polymer brush emerging from the self-consistent field approach by Milner, Witten and Cates [17].



Most of the simulation work is focused on grafted linear polymer chains in various conditions. Relatively little in known about ring polymer brushes [50]. The aim of the current contribution is to expand the field of ring brush investigations by employing the tool of Dissipative Particle Dynamics Simulations (DPD). We present simulation results for polymer brushes of linear and ring polymers grafted onto a flat substrate, focusing on the differences between these two polymer geometries. We investigate differences in statistical and structural properties such as the radius of gyration Rg, shape in the form of the asphericity δ∗, and monomer density profiles as a function of distance from the surface ρ(z). We take a closer look at scaling dependence of Rg and its parallel Rg∥ and perpendicular Rg⊥ components as functions of effective chain length N and surface coverage σ. By incorporating the bond repulsion potential by Sirk et al. [53] we strongly reduce the possibility of bond crossing and compare the results to standard DPD model. In a next step we investigate a combined system of two opposing brushes, a slit confinement, bringing them closer together until we reach a compressed bilayer brush. Here we study the aforementioned quantities in dependence of the brush distance D and we take a closer look at the interaction force Fint and the interpenetration in the form of the integral of overlap Iov of the two brushes.



In Section 2 we present the Dissipative Particle Dynamics Model method and our Model of the polymer brush, as well as our implementation of the segmental repulsion model. In Section 3 we go into the details of the simulation and we present and discuss our findings in Section 4, with the focus on a single brush in Section 4.1 and onto the bilayer brush system in Section 4.2.




2. Model and Methods


2.1. The General DPD Model


Dissipative Particle Dynamics (DPD), in its original form, was developed by Hoogerbrugge and Koelman in 1992 [54] and improved upon by Español and Warren in 1995 [55] as a mesoscopic simulation tool for complex fluids. DPD is in essence a coarse-grained molecular dynamics simulation including dissipative and stochastic interactions, where each point particle, henceforth called a bead, represents a group of atoms or a volume of fluid. These beads interact via a purely repulsive conservative force FijC, a dissipative force counteracting velocity differences between particles FijD, and a stochastic force directed along the connection line between particle centers FijR, each being pairwise additive. This approach was based on the description of the Brownian motion of particles in a potential by the Langevin equation of motion, but contrary to Brownian or Langevin dynamics is momentum conserving. The original DPD model is described by


dridt=vi,



(1)






midvidt=Fi,



(2)




where ri, vi, and mi are the position, velocity, and mass of particle i, respectively. The total force Fi acting on each bead is:


Fi=∑i≠jFijC+FijD+FijR.



(3)







The conservative force is given by:


FijC(r)=aij1−rijrcr^ijifrij≤rc0ifrij>rc.



(4)




Accordingly FijC(r) is a scalar non-negative (repulsive) function determining the form of the conservative interaction, aij is the parameter of maximum repulsion between beads i and j, rc is the cut-off distance, rij=ri−rj the distance between particles, rij=∥rij∥ is its magnitude, and r^ij=rij/rij is the unit vector from bead j to i.



Based on extensive work of Español and Warren in 1995 [55] it is known that the stochastic FijR and dissipative FijD forces need to be coupled together through a fluctuation-dissipation relation to ensure that the system in thermodynamic equilibrium stays in the canonical (NVT) ensemble. This leads to


FijD=−γωD(rij)(r^ij·vij)r^ij,FijR=−σDPDωR(rij)ζijr^ij,



(5)




with the condition


σDPD2=2γkBT,



(6)




where γ and σDPD are parameters determining the strength of the dissipative and stochastic interaction, kB is Boltzmann’s constant, T the temperature, and vij=vi−vj is the difference in velocity of the beads i and j. Moreover, ζij is a symmetric Gaussian random variable with zero mean and unit variance, which is independent for different pairs of particles and at different times. The symmetry relation ζij=ζji is enforced to satisfy momentum conservation of the stochastic force, whereas ωD(rij) and ωR(rij) are weight functions satisfying


ωD(rij)=[ωR(rij)]2.



(7)




For simplicity, the weight functions are selected to be similar in form to the conservative force FC(rij) Equation (4), that is


ωD(rij)=[ωR(rij)]2=1−rijrc2ifrij≤rc0ifrij>rc.



(8)




Due to the fact that all interactions are pairwise additive, they obey Newton’s third law and all forces depend only on relative positions rij and velocities vij, linear and angular momentum is conserved, and the model is Galilean-invariant. These conditions make DPD into a consistent hydrodynamic model particularly interesting for the study of mesoscopic soft matter systems with length and time scales ranging from 10−104 nm and 1−106 ns.



Time integration is performed with a modified version of the velocity-Verlet algorithm [56]:


ri(t+Δt)=ri(t)+Δtvi(t)+12(Δt)2Fi(t),v˜i(t+Δt)=vi(t)+λΔtFi(t),Fi(t+Δt)=Fi(ri(t+Δt),v˜i(t+Δt)),vi(t+Δt)=vi(t)+12Δt(Fi(t)+Fi(t+Δt)).



(9)







Here, λ is an empirical variable factor influencing the stability of the thermostat. The standard velocity-Verlet algorithm would be recovered for λ=1/2 for a force term independent of the velocity. Because the dissipative force is dependent on the velocity however, a prediction of the new velocity v˜ is needed and the corrected velocity is evaluated in the last step of the integration. Forces are updated once per iteration after the second step leading to virtually no increase in computational cost.




2.2. The Brush Model


For the simulation of the polymer, a DPD bead can either be a solvent particle or a monomer. Any two consecutive monomer DPD beads i and j forming a bond are connected via a spring force with the spring constant bij, changing Equation (4) to


FijC(r)=aij1−rijrcr^ij−bijrijifrij≤rc−bijrijifrij>rc.



(10)







There are no angle potentials in the DPD chain, leading to a freely jointed polymer so that the bead comprises of at least one Kuhn segment. Due to the softness of the repulsive interaction and the relative large time step of the DPD simulation, bond crossing cannot be prevented without the implementation of further interactions or the shift to a hard repulsive interaction potential. See Section 2.3 for more details on the bond repulsion potential mSRP [53].



The polymers are grafted on walls parallel to the xy-plane. Periodic boundary conditions in the x and y directions and a repulsive soft wall in the z direction, with repulsion parameter di as shown in Equation (11), capping the top and bottom of the simulation box, are employed. To link brush polymers to the surface, an attractive spring with the spiring constant ci was added to the end monomer or monomers for linear or ring conformations respectively, effectively adsorbing the end monomers to the surface. Equation (11) summarizes the additional surface force Fisurf added to DPD bead i, with D being the distance between the walls, where ci=0 for every bead except the anchored ends,


Fisurf=−dizi−ciziifzi<0−ciziif0≤zi≤D−di(zi−D)−ciziifzi>D.



(11)







Reduced variables are used throughout this paper. In DPD energy is measured in units of kBT, length in units of the force cutoff radius rc, and mass in units of m, the mass of a single DPD bead. In the current contribution kBT, m and rc are set to unity. The noise amplitude σDPD is set equal to 3, with Equation (6) leading to γ=4.5. The number density ρDPD=3 and the time integration parameter λ=0.65 and timestep Δt=0.04 were chosen according to a study by Groot and Warren [56]. Also shown within reference [56], through a series of equilibrium simulations, is that for sufficiently high number densities (ρDPD>2), a good approximation for the DPD equation of state is given by


p=ρDPDkBT+αaρDPD2(α=0.101±0.001).



(12)







This leads to the dimensionless compressibility


κ−1≈1+0.2aρDPD/kBT



(13)




for the DPD model of a given conservative interaction strength a=aij for all i,j pairs. According to the discussed reference, the compressibility of water at room temperature (300K) is κ−1=15.9835≈16. For the given number density ρDPD=3 in the current work, Equation (13) in combination with the compressibility of water, leads to an conservative interaction parameter of a=25kBT. To simulate an athermal polymer solution the interaction of all DPD bead species (e.g., solvent beads and polymer beads) is set equally to a=25kBT as well. The spring constants connecting the monomer beads to each other is set to bij=4 and to the surface for the fist (tails) and first and last (rings) monomer is ci=24. The value of the soft wall repulsion parameter is di=100 for all beads, i.e., solvent or monomer.




2.3. Midpoint Bond Repulsion


The biggest advantage of DPD sometimes is also its drawback. Due to the soft interaction potentials and the large time steps employed in this method, the unphysical crossing of bonds can not be excluded. This poses a problem when one is interested in reptation dynamics in melt or ring geometries at any concentration. The modified segmental repulsion model (mSRP) proposed by Sirk et al. [53] offers an easy to implement and computationally cheap way to greatly reduce the number of bond crossing violations. The bond-bond repulsion is modeled analogously to the conservative force in Equation (4) as


FklmSRP=brep1−dkldcd^klifdkl≤dc0ifdkl>dc,



(14)




where FklmSRP is the bond repulsion force acting between bonds k and l separated by distance dkl with brep and dc being the repulsion force constant and bond-bond cutoff distance, respectively. The distance between the two bonds is calculated as the distance between the midpoints of the respective bond vectors. The force acting on the bond decomposes equally into bead forces for beads i and j in bond k, Fi=FklmSRP·1/2=Fj. Adjacent bonds are excluded from all segmental repulsion interactions. In order to guarantee the least possible amount of crossing violations but still retain most of the advantages of the standard DPD model some of the simulation parameters need to change when applying the mSRP potential. Namely the bond potential is now modeled as Fijbond=bij(b0−rij)rij, where b0=0.91 is the equilibrium bond distance and the bond force bij=50, dc=0.8 and brep=25, and the time step is reduced to Δt=0.01.





3. Simulation Details


Linear polymer chains, henceforth called tails and polymer rings, are investigated for various surface coverages σ=E/A, defined as the number of chains ends E grafted on the surface divided by the surface area A, and polymer lengths N reaching from 4 to 256 beads. A ring polymer is defined as a chain with two ends at the surface that are connected via a bond so that Ering=2Etail and therefore for a given σ there are Mrings=Mtail/2 in the system with M being the number of polymers. The simulations are carried out with DPD code written by the authors. The size of the simulation box is chosen larger than six times the radius of gyration Rg for the investigated species in the x and y direction. The z dimension is selected according to the studied system, e.g., wall with bulk solution on top of the brush or slit brush confinement. The number of chains M in the simulation box is determined by the σ of choice we want to investigate as the surface area A is set by the aforementioned condition for the x and y direction. The last parameter we need to establish is the chain length N giving us the number of monomer beads nmon=M·N in our simulation. With the given number density ρDPD=3 of our simulation model and the box dimensions Lx, Ly, Lz determined the total number of DPD beads in the simulation is ntot=(LxLyLz)ρDPD and the number of solvent beads therefore is nsolv=ntot−nmon. For relaxation of the system a 5×105 step and for data generation a 5×106 step simulation run with a system sample every 5 steps are performed. Statistical errors are obtained by the block averaging method and are omitted in diagrams if smaller than the symbol size. The investigated properties comprise of density profiles perpendicular to the surface ρ(z), the radius of gyration Rg, the square root of the squared mean distance of each bead from the polymers center of mass and its components perpendicular Rg⊥ and parallel Rg∥ to the wall:


R^g∥2=12N∑i=1N[(xi−xc.m.)2+(yi−yc.m.)2],



(15)






R^g⊥2=1N∑i=1N[(zi−zc.m.)2],



(16)






R^g2=R^g∥2+R^g⊥2.



(17)







Accordingly, we denote the coordinates of the ith monomer as (xi,yi,zi) and the corresponding center of mass coordinates of the polymer as (xc.m.,yc.m.,zc.m.). In Equations (15)–(17), quantities carrying a hat represent instantaneous values. With ⟨…⟩ denoting a statistical average, we show in what follows the gyration radius Rg, as well as its components Rg⊥ and Rg∥ defined as Rg∥=⟨R^g∥2⟩; Rg⊥=⟨R^g⊥2⟩; Rg=⟨R^g∥2⟩+⟨R^g⊥2⟩. We further investigate the shape in form of the asphericity δ∗ defined as the degree of being non spherical (i.e., δ∗=0→ sphere, δ∗=1→ rod) and the angle between the normal to the surface and the largest axis of the equivalence ellipsoid β∗ (i.e., the longest eigenvector of the gyration tensor). We study as well a system generated by coating two surfaces with polymer and bringing them into contact. These brushes in slit confinement are investigated as a function of the distance of the surfaces D, reaching from the undisturbed brush at infinite separation to the compressed bilayer brush. We take a closer look at the mentioned quantities as well as for the difference of standard DPD and DPD with mSRP bond repulsion added to it. Simulation parameters that are employed are given in the Models and Methods Section 2.




4. Results and Discussion


4.1. Statistical Properties of the Brush System


We start this section with a comprehensive description of the polymer brush system with the main focus on the difference between ring and tail geometries. Firstly we discuss the density profiles along the direction perpendicular to the surface ρ(z) as they are shown in Figure 1 and Figure 2.



Staring with Figure 1 we consider at the monomer densities ρ(z) for two different surface coverages σ. In both cases we can clearly see solvent particles inside the brush layers even for the highest investigated surface coverage σ=1 in Figure 1b. Interestingly, when looking at the total bead density, depicted as the dotted line, we see a dip at D/2=17z in the case of σ=1 only. We can also notice a slightly higher concentration of solvent particles at D/2 for the ring simulations in contrast to the linear ones in both cases although more pronounced for the higher surface coverage perfectly matching the slightly more step like density profiles of the ring polymer brush.



In the following we compare ring and tail brushes in more detail. We study systems with the same amount of effective monomers, e.g., where Nring=2Ntail and Mring=Mtail/2, where the chain length dependence is shown in Figure 2 and marked by different symbols. The surface coverage is defined so that rings count as having two chain ends per molecule and that for any given σ there are always half the number of rings with twice the amount of monomers grafted compared to linear chains Mring=Mtail/2 and Nring=2Ntail. Under these conditions it can be clearly seen that the density profiles for rings and tails match quite well. The inset in Figure 2 show the density profiles as a function of the distance scaled by the chain length z/N of the corresponding chain architecture. The density profiles fall onto a master curve with better agreement for the higher surface coverage. The aforementioned factor of 2 in the brush height between ring and tail brushes can be clearly seen. Ring brushes seem to be only very slightly compressed compared to their linear counterparts. The reason for this can be found in Figure 3 where the distribution of end monomers for tails and for middle monomers for rings ρe(z) is plotted against the distance from the surface. The distribution shows that the ends (or mid monomers in case of rings, respectively) can be anywhere in the brush, although only few are at the grafting plane. It is interesting to notice that there are slight but systematic differences between rings and tails: for the former the distributions are more sharply peaked, and the tail towards larger z is less pronounced. This is not surprising, of course, since the mid monomer is bound by two strands rather than a single one. The presented density profiles and end monomer distributions are in good agreement with the results of Reith et al. and the hard bead spring model found in reference [50]. Our results for the linear chain density profiles conform to the parabolic brush model of Milner, Witten and Cates [17], confirmed also by monomer-based simulations in the case of good solvent [32,33]. Atomistic models for grafted polymer melts [39], on the other hand, lead to steplike monomer profiles, akin to that found in Ref. [35] for polymer brushes in solvent of poor quality.



The radius of gyration Rg is shown in Figure 4 as a function of the surface coverage σ. The first feature that stands out in Figure 4a is the similarity of Rg for rings and tails with chain lengths following Nring=2Ntail. As mentioned before rings count as having two ends at the surface per polymer so that the total number of monomers is the same for equal σ and Nring=2Ntail. This is true especially for surface coverages above the overlap concentration σ∗=1/(2πRg0)2, with Rg0 being the radius of gyration at infinite dilution. The size of the grafted polymers increases with increasing surface coverage as the polymers start to feel each other.



In order to quantify this stretching of the polymers with grafting density, we plot Rg normalized by the radius of gyration of an infinitely diluted chain in solution Rg0 with the same chain length N against the surface coverage scaled by the surface overlap concentration in Figure 4b so that the curves for tails and rings fall onto a master curve. Chain statistics for chains below σ∗ are unperturbed as they are without any contact to other polymers, the so called mushroom regime. Starting at σ∗ the increase in size is due to repulsion of the polymers coming into contact with neighboring chains, the beginning of the brush regime. Strongly overlapping polymers exhibit a scaling law Rg∝σμ with μ=1/3. This scaling is independent of the conformation of the considered system, and in agreement with the Alexander-deGennes blob model [14,15].



Looking at the radius of gyration for a single polymer at the surface, e.g., σ→0;σ≪σ∗ as a function of the chain length, we find that the scaling exponent equals that of a free diluted chain in solution, Rg∝Nν,ν=0.588, as shown by the triangle symbols in Figure 5. A flat surface has no effect on the scaling of a tail or ring in the mushroom regime. On the other hand, if we increase the surface coverage to strongly overlapping chains σ>σ∗, as shown by the circle symbols in the same plot, the scaling exponents Rg⊥∼Nν⊥ increase strongly up to values of ν⊥≅1, again showing no difference between ring and linear chains. The reason behind the increase is the repulsion of polymers from each other and can be clearly understood if we take a closer look at components of the Radius of gyration, e.g., the parallel component Rg∥ and normal component Rg⊥ in Figure 6.



Figure 6a shows the components of the radius of gyration scaled by Rg0/3 as a function of the surface density over the overlap concentration σ/σ∗. The figure resembles that of Figure 4b as it should. The scaling of the perpendicular component Rg⊥ with σ retains the form Rg⊥∼σμ⊥ the scaling exponent of μ⊥≅1/3 as the major part of the extension of Rg stems from expulsion of monomers away from the surface. The parallel component Rg∥ on the other hand decreases with increasing surface coverage as tails and loops have less and less space, indicating a consistency with a scaling law Rg∥∼σμ∥ with μ∥≅−1/12. Looking at the chain length dependence of the Rg components from Figure 6 we recover the Flory scaling exponent Rg⊥,Rg∥∼Nν with ν=0.588 for σ≪σ∗ (Figure 6b), independent of the direction of the component. Repeatedly, a different picture can be seen for σ>σ∗ (Figure 6c), where the normal component Rg⊥ nearly scales with N with an exponent ν⊥≅1 and the parallel component Rg∥ scales with the ideal Gaussian random walk value of ν∥=1/2. The fact that we obtain identical scaling laws for brushes made of chains or rings in a DPD-simulation that allows bond-crossing is not surprising: indeed, concentrated ring polymers, for which bond-crossing is allowed, lack the topological potential that distinguishes them from linear chains. Accordingly, as it has been explicitly confirmed in a recent study of concentrated ring polymer solutions [57], rings without topological restrictions show a scaling of their gyration radius that is identical to that of linear chains. The same also holds true, evidently, for planar brushes. The situation will change as soon as we impose bond-noncorssability, as we will shortly demonstrate.



The above results can be rationalized in the framework of a blob model that envisions the chains/rings as successions of blobs of size σ−1/2 for σ>σ∗. Within each blob, excluded volume interactions are unscreened; accordingly, the number of monomers g contained in any such blob scales as:


g≅b−1/νσ−1/(2ν),



(18)




with the Flory exponent ν=0.588≅3/5. For a polymer with N monomers, this implies that it will consist of NB=N/g such blobs, viz.:


NB≅b1/νσ1/(2ν)N.



(19)







As these blobs emerge from the wall on which they are grafted, they grow linearly in the direction perpendicular to the wall, whereas they perform a random walk in the parallel direction. Accordingly, the sizes in the two directions scale as:


Rg⊥≅σ−1/2NB



(20)






Rg∥≅σ−1/2NB1/2.



(21)







Gathering together the above results, we obtain for σ>σ∗:


Rg⊥≅b1/νσ(1−ν)/(2ν)N



(22)






Rg∥≅b1/(2ν)σ(1−2ν)/(4ν)N1/2.



(23)







Finally, using σ∗≅Rg0−2 together with Rg0≅bNν, the above relations can be recast in the form:


Rg⊥Rg0≅1ifσ≤σ∗σσ∗(1−ν)/(2ν)ifσ>σ∗.



(24)




and


Rg∥Rg0≅1ifσ≤σ∗σσ∗(1−2ν)/(4ν)ifσ>σ∗.



(25)







Substituting ν=3/5(0.588) in Equations (24) and (25) above, we obtain μ⊥=1/3(0.35) and μ∥=−1/12(−0.075), as found in the simulation. As mentioned above, the nearly Gaussian scaling for rings in the parallel component is surprising, as it has been previously found [50] that R∥∼Nν∥ with ν∥≅2/5 for non-catenated rings with a topological potential. The advantages of DPD seem to be the limiting factor in this case with its soft potentials and large time steps bond crossing cannot be excluded. To verify this statement, we take a closer look at Figure 7, where we plot results of simulations with an added bond repulsion potential analogous to Figure 4b and Figure 6. Starting with the last plot in Figure 7d we can clearly see the change the additional bond repulsion has on Rg∥. The ring in the brush now extends laterally to the wall as Rg∥∼Nν∥ with ν∥≅2/5, whereas Rg⊥ retains its scaling of ν⊥≅1. For σ≪σ∗ in Figure 7c we also find that the scaling of Rg⊥;Rg∥∝Nν with ν=3/5 is maintained, as the topological repulsion between neighboring rings plays no role at the mushroom regime. As far as the scaling with surface coverage for σ>σ∗ is concerned, The scaling of the perpendicular component Rg⊥ retains its characteristic scaling exponent, Rg⊥∝σμ⊥ with μ⊥≅1/3, as seen in Figure 7a,b; the topological repulsion plays no role in the directed motion of the blobs perpendicular to the wall. On the other hand, the fact that the blobs no longer perform a random walk parallel to the wall affects the exponent μ∥, as we now find Rg∥∼σμ∥, with the exponent now changed by a factor 2, from μ∥=−1/12 to μ∥=−1/6. This change of the exponent as a consequence of topological constraints is strongly reminiscent of the situation for concentrated ring polymer solutions, where in the scaling law of the gyration radius with concentration, Rg/Rg,0∼(c/c∗)x for concentrations c exceeding the overlap value c∗, the exponent x changes from x=−1/8 without topological interactions to double this value, x=−1/4, when the latter are taken into account [57].



Next we take a look at the asphericity δ∗ and the perpendicularity β∗. Starting with Figure 8a, for surface coverages below the overlap concentration δ∗ coincides very well with the predicted values of δR∗=0.2551 for rings and δL∗=0.4303 linear chains in solution [58], with rings being the more spherical species. With increasing surface coverage starting at the overlap, concentration rings and tail geometries are getting compressed to a more rod-like shape approaching the limiting value of 1 of the completely stretched form. Taking a look at the distribution of δ∗ in Figure 8b, one can see the difference between rings an linear chains are even more pronounced. For σ<σ∗ the distribution for rings is more sharply peaked around δ∗=1/4 while its linear counterpart is flat and broad. For σ=1, on the other hand, the histogram for the ring geometry shows a more pronounced tail in direction of a more spherical shape. This might be another contributing factor for the slightly more step-like density profiles of ring brushes.



To complete the investigation of the statistical properties of the ring and linear tail brush we take a closer look at the angle between the normal to the surface and the largest eigenvector of the gyration tensor, i.e., the largest axis of the equivalence ellipsoid. Analogous to the asphericity we plot β∗ as a function of the surface overlap concentration Figure 9a and the distribution p(β∗) for two different limiting surface coverages σ=0 and σ=1 in Figure 9b. In the case of low surface coverage, a relatively large angle of around 60∘ is observed, implying a more surface parallel shape with virtually no difference between ring and tail polymers. Taking a closer look at the distribution for σ=0, however, it becomes clear that there is no real preference of any one angle, as the peak is broad and flat, although larger angles are more probable and again no distinction due to the different geometries is perceivable. For high surface coverages well above the overlap concentration the resulting angles are getting progressively smaller, i.e., more perpendicular. The discrepancy between the different geometries is very small, only when we look at the distributions can we recognize a difference. The peak for the ring brush is sharper than that of the linear chains. We note, further, that the distribution p(β∗) bears significant similarities with its counterpart for short, rigid-chain brushes, as established in atomistic simulations [43].




4.2. Decreasing the Distance between Two Brushes


In this section we take a closer look at what happens to our brush if we put it in contact with a twin. We focus our interest at a single chain length and surface coverage for each geometry, i.e., Nring=64 and Ntail=32 both at σ=0.5 corresponding to ≈26σ∗ for rings and ≈22σ∗ for linear chains, chosen for the similarity of the ring and tail brush. Included in our comparisons will be data which was generated with the addition of the bond repulsion potential discussed in Section 2.3. We investigate the properties as a function of the interbrush distance D scaled by the height of the unperturbed brush H at infinite separation, defined as the height at which the monomer density ρ(z) of the brush decreases to 2.5%, as seen in the short vertical lines at the top right corner of Figure 10a.



Regarding the density profiles in Figure 10a, we find a more elongated brush for the simulations including the bond repulsion potential (full lines) compared to their standard DPD counterparts (dashed lines) coinciding with an decrease in density closer to the surface. Comparing ring and tail geometries, we find an even more step-like density profile for rings as that already seen in Figure 3. The end monomer (linear chains) and mid monomer (rings) distributions multiplied by the chain length are plotted as well, displaying a shift to larger distanced from the surface (swelling of the brush). The brush height, defined above, increases in accordance with the shift in end (mid) monomer distributions shown, decreasing the difference of ring and tail brushes but retaining the fact of higher linear brushes.



Plotted in Figure 10b are the normal Rg⊥ and parallel Rg∥ component of the radius of gyration as a function of brush distance scaled by brush height. From the point of contact, i.e., D/2H=1, to closer confinements, a drastic decrease of the perpendicular component occurs, and is slightly more pronounced for ring geometries for both DPD and DPD + mSRP. The effect is larger for bond repulsion simulations but followsthe same general trend. Interestingly, the parallel component increases more profoundly for the linear chains, with the standard DPD data lying in between rings and tail geometries. This leads to an overall larger decrease in Rg for rings, leading to a more compact form.



With decreasing distance of the polymer coated surfaces the grafted chains and rings start to increase their interactions with the wall and each other due to the compression of the brush. The results of this effect are shown in Figure 11a with the interaction force Fint=∫−∞0ρ(z)zddz·(−1), the integral of the monomer density behind the wall multiplied by the wall repulsion d at the distance z (see Section 2.2 for details on wall repulsion). The interpenetration of brushes into each other is plotted in Figure 11b as the integral of overlap Iov[ρ(z)]=∫0Dρ1(z)ρ2(z)dz, with ρ1(z) and ρ2(z) being the monomer densities of brush 1 and 2, respectively. Starting with Figure 11a an increase in monomer density behind the wall with decreasing distance D of the brushes is found for all systems. In both cases the increase for rings is larger than for linear chains, being more distinct in the case of added bond repulsion. This can also be seen in the insert of Figure 11a showing the interaction potential Vint, the integral of the interaction force as a function of scaled brush distance. Even without the bond repulsion potential ring brushes are effectively more repulsive than their linear counterparts, with an increased effect for added segmental repulsion. The reason behind this can be understood if we take a look at the data of Figure 11b. Comparing ring and tail geometries, rings always show a smaller overlap than their linear counterparts. This effect is not only due to the bond repulsion potential, although it is increased by it. Linear chains, with their free chain ends, more easily penetrate the other brush, whereas rings are more strongly repelled to a more compact state, increasing the force on the wall in the process.





5. Conclusions


We have presented results on the conformations and interactions of polymer brushes employing DPD simulations, putting particular emphasis on a systematic comparison between brushes of linear and ring polymers, the latter being in this case chains that are grafted on the walls on both their ends. We have quantitatively obtained all the features of the high grafting-density regime, and in particular the scaling of the perpendicular and lateral extensions of the polymers both with the degree of polymerization and the grafting density. A key finding of our work is that in the absence of consideration for the topological interaction between rings, i.e., neglecting the prohibition of bond-crossing, rings and chains become indistinguishable; on the contrary, when the topological interactions are properly taken into account, ring brushes become distinct from their linear counterparts: the lateral conformation of the rings is no longer a random walk, since the topological interaction cannot get screened out at any monomer concentration; concomitantly, the scaling of Rg∥ with both the degree of polymerization and the grafting density picks up exponents that are unique to rings and carries the signature of ring conformations that form a class of their own: they are neither ideal walks nor self-avoiding walks, a feature already observed in bulk ring polymer solutions. The effects of the topological constraints are also manifest in the interbrush interaction, where we have established that the ring brushes feature a more repulsive interaction potential than their linear counterparts, implying that ring polymers, when grafted onto colloids, will be stronger agents against colloidal coagulation than linear ones [59]. This is an intriguing counterpoint to the case of added non-grafted, non-adsorbing polymer, where it has been recently found that free rings in solution lead to stronger depletion attractions between colloids than free linear chains. Future work with DPD simulations, which have the great advantage of including explicit solvent in an economic way, will focus on studying their properties under shear and the resulting effects on friction and lubrication.







Author Contributions


Conceptualization, M.J., G.Z. and C.N.L.; software, M.J., G.Z.; investigation, formal analysis, visualization, writing—original draft preparation, M.J.; writing—review and editing, M.J., C.N.L.; validation, C.N.L.; supervision, G.Z. and C.N.L.




Funding


This research received no external funding.




Acknowledgments


The computational results presented have been achieved in part using the Vienna Scientific Cluster (VSC). This article is dedicated the memory of Gerhard Zifferer, good friend and mentor. You are missed.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript:



	DPD
	Dissipative Particle Dynamics



	mSRP
	modified Segmental Repulsion Potential









References


	



Patel, S.S.; Tirrell, M. Measurement of Forces Between Surfaces in Polymer Fluids. Annu. Rev. Phys. Chem. 1989, 40, 597–635. [Google Scholar] [CrossRef]

	



Auroy, P.; Auvray, L.; Leger, L. Characterization of the Brush Regime for Grafted Polymer Layers at the Solid-Liquid Interface. Phys. Rev. Lett. 1991, 66, 719–722. [Google Scholar] [CrossRef] [PubMed]

	



Klein, J.; Perahia, D.; Warburg, S. Forces Between Polymer-Bearing Surfaces Undergoing Shear. Nature 1991, 352, 143–145. [Google Scholar] [CrossRef]

	



Klein, J.; Kumacheva, E.; Mahalu, D.; Perahia, D.; Fetters, L.J. Reduction of Frictional Forces Between Solid-Surfaces Bearing Polymer Brushes. Nature 1994, 370, 634–636. [Google Scholar] [CrossRef]

	



Klein, J. Shear, Friction, and Lubrication Forces Between Polymer-Bearing Surfaces. Annu. Rev. Mater. Sci. 1996, 26, 581–612. [Google Scholar] [CrossRef]

	



Guo, X.; Ballauff, M. Spatial Dimensions of Colloidal Polyelectrolyte Brushes as Determined by Dynamic Light Scattering. Langmuir 2000, 16, 8719–8726. [Google Scholar] [CrossRef]

	



Huang, W.X.; Kim, J.B.; Bruening, M.L.; Baker, G.L. Functionalization of Surfaces by Water-Accelerated Atom-Transfer Radical Polymerization of Hydroxyethyl Methacrylate and Subsequent Derivatization. Macromolecules 2002, 35, 1175–1179. [Google Scholar] [CrossRef]

	



Minko, S.; Muller, M.; Usov, D.; Scholl, A.; Froeck, C.; Stamm, M. Lateral Versus Perpendicular Segregation in Mixed Polymer Brushes. Phys. Rev. Lett. 2002, 88. [Google Scholar] [CrossRef]

	



Raviv, U.; Giasson, S.; Kampf, N.; Gohy, J.F.; Jerome, R.; Klein, J. Lubrication by Charged Polymers. Nature 2003, 425, 163–165. [Google Scholar] [CrossRef]

	



Wu, T.; Efimenko, K.; Vlcek, P.; Subr, V.; Genzer, J. Formation and Properties of Anchored Polymers with a Gradual Variation of Grafting Densities on Flat Substrates. Macromolecules 2003, 36, 2448–2453. [Google Scholar] [CrossRef]

	



Dunlop, I.E.; Briscoe, W.H.; Titmuss, S.; Jacobs, R.M.J.; Osborne, V.L.; Edmondson, S.; Huck, W.T.S.; Klein, J. Direct Measurement of Normal and Shear Forces between Surface-Grown Polyelectrolyte Layers. J. Phys. Chem. B 2009, 113, 3947–3956. [Google Scholar] [CrossRef] [PubMed]

	



Klein, J. Repair or Replacement—A Joint Perspective. Science 2009, 323, 47. [Google Scholar] [CrossRef] [PubMed]

	



Klein, J. Hydration Lubrication. Friction 2013, 1, 1–23. [Google Scholar] [CrossRef]

	



Alexander, S. Adsorption of Chain Molecules with a Polar Head—A Scaling Description. J. Phys. Fr. 1977, 38, 983–987. [Google Scholar] [CrossRef]

	



de Gennes, P.G. Conformations of Polymers Attached to an Interface. Macromolecules 1980, 13, 1069–1075. [Google Scholar] [CrossRef]

	



Milner, S.T. Compressing Polymer Brushes—A Quantitative Comparison of Theory and Experiment. Europhys. Lett. 1988, 7, 695–699. [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]

	



Milner, S.T.; Witten, T.A.; Cates, M.E. Effects of Polydispersity in the End-Grafted Polymer Brush. Macromolecules 1989, 22, 853–861. [Google Scholar] [CrossRef]

	



Ball, R.C.; Marko, J.F.; Milner, S.T.; Witten, T.A. Polymers Grafted to a Convex Surface. Macromolecules 1991, 24, 693–703. [Google Scholar] [CrossRef]

	



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

	



Milner, S.T. Hydrodynamic Penetration Into Parabolic Brushes. Macromolecules 1991, 24, 3704–3705. [Google Scholar] [CrossRef]

	



Milner, S.T.; Witten, T.A. Bridging Attraction By Telechelic Polymers. Macromolecules 1992, 25, 5495–5503. [Google Scholar] [CrossRef]

	



Netz, R.R.; Schick, M. Classical Theory of Polymer Brushes. Europhys. Lett. 1997, 38, 37–42. [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] [PubMed]

	



Kreer, T.; Muser, M.H.; Binder, K.; Klein, J. Frictional Drag Mechanisms between Polymer-Bearing Surfaces. Langmuir 2001, 17, 7804–7813. [Google Scholar] [CrossRef]

	



Zilman, A.G.; Safran, S.A. Entropically Driven Attraction Between Telechelic Brushes. Eur. Phys. J. E 2001, 4, 467–473. [Google Scholar] [CrossRef]

	



Currie, E.P.K.; Norde, W.; Stuart, M.A.C. Tethered Polymer Chains: Surface Chemistry and Their Impact on Colloidal and Surface Properties. Adv. Colloid Interface Sci. 2003, 100, 205–265. [Google Scholar] [CrossRef]

	



Netz, R.R.; Andelman, D. Neutral and Charged Polymers at Interfaces. Phys. Rep.-Rev. Sect. Phys. Lett. 2003, 380, 1–95. [Google Scholar] [CrossRef]

	



Ballauff, M.; Borisov, O. Polyelectrolyte Brushes. Curr. Opin. Colloid Interface Sci. 2006, 11, 316–323. [Google Scholar] [CrossRef]

	



Yamamoto, T.; Safran, S.A. Transcription Rates in DNA Brushes. Soft Matter 2015, 11, 3017–3021. [Google Scholar] [CrossRef] [PubMed]

	



Kreer, T. Polymer-Brush Lubrication: A Review of Recent Theoretical Advances. Soft Matter 2016, 12, 3479–3501. [Google Scholar] [CrossRef] [PubMed]

	



Murat, M.; Grest, G.S. Structure of a Grafted Polymer Brush—A Molecular-Dynamics Simulation. Macromolecules 1989, 22, 4054–4059. [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]

	



Lai, P.Y.; Binder, K. Grafted Polymer Layers Under Shear - A Monte-Carlo Simulation. J. Chem. Phys. 1993, 98, 2366–2375. [Google Scholar] [CrossRef]

	



Grest, G.S. Grafted Polymer Brushes—A Constant Surface Pressure Molecular-Dynamics Simulation. Macromolecules 1994, 27, 418–426. [Google Scholar] [CrossRef]

	



Grest, G.S. Computer Simulations of Shear and Friction Between Polymer Brushes. Curr. Opin. Colloid Interface Sci. 1997, 2, 271–277. [Google Scholar] [CrossRef]

	



Grest, G.S. Normal and Shear Forces Between Polymer Brushes. In Polymers in Confined Environments; Granick, S., Ed.; Springer: Berlin/Heidelberg, Germany, 1999; Volume 138, pp. 149–183. [Google Scholar]

	



Binder, K. Scaling Concepts for Polymer Brushes and Their Test With Computer Simulation. Eur. Phys. J. E 2002, 9, 293–298. [Google Scholar] [CrossRef] [PubMed]

	



Daoulas, K.C.; Terzis, A.F.; Mavrantzas, V.G. Detailed atomistic Monte Carlo simulation of grafted polymer melts. I. Thermodynamic and conformational properties. J. Chem. Phys. 2002, 116, 11028–11038. [Google Scholar] [CrossRef]

	



Karayiannis, N.C.; Mavrantzas, V.G.; Theodorou, D.N. A Novel Monte Carlo Scheme for the Rapid Equilibration of Atomistic Model Polymer Systems of Precisely Defined Molecular Architecture. Phys. Rev. Lett. 2002, 88. [Google Scholar] [CrossRef] [PubMed]

	



Wenning, L.; Muller, M.; Binder, K. How does the Pattern of Grafting Points Influence the Structure of One-Component and Mixed Polymer Brushes? Europhys. Lett. 2005, 71, 639–645. [Google Scholar] [CrossRef]

	



Pastorino, C.; Binder, K.; Kreer, T.; Muller, M. Static and Dynamic Properties of the Interface Between a Polymer Brush and a Melt of Identical Chains. J. Chem. Phys. 2006, 124. [Google Scholar] [CrossRef]

	



Alexiadis, O.; Harmandaris, V.A.; Mavrantzas, V.G.; Site, L.D. Atomistic Simulation of Alkanethiol Self-Assembled Monolayers on Different Metal Surfaces via a Quantum, First-Principles Parametrization of the Sulfur Metal Interaction. J. Phys. Chem. C 2007, 111, 6380–6391. [Google Scholar] [CrossRef]

	



Dimitrov, D.I.; Milchev, A.; Binder, K. Polymer Brushes in Solvents of Variable Quality: Molecular Dynamics Simulations Using Explicit Solvent. J. Chem. Phys. 2007, 127. [Google Scholar] [CrossRef]

	



Hoy, R.S.; Grest, G.S. Entanglements of an End-Grafted Polymer Brush in a Polymeric Matrix. Macromolecules 2007, 40, 8389–8395. [Google Scholar] [CrossRef]

	



Pastorino, C.; Kreer, T.; Muller, M.; Binder, K. Comparison of Dissipative Particle Dynamics and Langevin Thermostats for Out-Of-Equilibrium Simulations of Polymeric Systems. Phys. Rev. E 2007, 76. [Google Scholar] [CrossRef]

	



Coluzza, I.; Hansen, J.P. Transition from Highly to Fully Stretched Polymer Brushes in Good Solvent. Phys. Rev. Lett. 2008, 100. [Google Scholar] [CrossRef][Green Version]

	



Binder, K.; Kreer, T.; Milchev, A. Polymer Brushes Under Flow and in Other Out-Of-Equilibrium Conditions. Soft Matter 2011, 7, 7159–7172. [Google Scholar] [CrossRef]

	



Coluzza, I.; Capone, B.; Hansen, J.P. Rescaling of Structural Length Scales for “Soft Effective Segment” Representations of Polymers in Good Solvent. Soft Matter 2011, 7, 5255–5259. [Google Scholar] [CrossRef]

	



Reith, D.; Milchev, A.; Virnau, P.; Binder, K. Anomalous Structure and Scaling of Ring Polymer Brushes. EPL (Europhys. Lett.) 2011, 95. [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, 1515–1555. [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]

	



Sirk, T.W.; Slizoberg, Y.R.; Brennan, J.K.; Lisal, M.; Andzelm, J.W. An Enhanced Entangled Polymer Model for Dissipative Particle Dynamics. J. Chem. Phys. 2012, 136, 134903. [Google Scholar] [CrossRef]

	



Hoogerbrugge, P.J.; Koelman, J.M.V.A. Simulating Microscopic Hydrodynamic Phenomena with Dissipative Particle Dynamics. EPL (Europhys. Lett.) 1992, 19, 155. [Google Scholar] [CrossRef]

	



Español, P.; Warren, P. Statistical Mechanics of Dissipative Particle Dynamics. EPL (Europhys. Lett.) 1995, 30, 191. [Google Scholar] [CrossRef]

	



Groot, R.D.; Warren, P.B. Dissipative Particle Dynamics: Bridging the Gap Between Atomistic and Mesoscopic Simulation. J. Chem. Phys. 1997, 107, 4423–4435. [Google Scholar] [CrossRef]

	



Narros, A.; Likos, C.N.; Moreno, A.J.; Capone, B. Multi-Blob Coarse Graining for Ring Polymer Solutions. Soft Matter 2014, 10, 9601–9614. [Google Scholar] [CrossRef]

	



Zifferer, G.; Preusser, W. Monte Carlo Simulation Studies of the Size and Shape of Ring Polymers. Macromol. Theory Simul. 2001, 10, 397–407. [Google Scholar] [CrossRef]

	



Chubak, I.; Locatelli, E.; Likos, C.N. Ring Polymers Are Much Stronger Depleting Agents than Linear Ones. Mol. Phys. 2018, 116, 2911–2926. [Google Scholar] [CrossRef]








[image: Polymers 11 00541 g001 550]





Figure 1. Bead density ρ(z) as a function of distance from surface z for a double layer brush system with a surface coverage of (a) σ=0.125 brush distance D=14z and (b) σ=1.000 and D=34z. Red lines are rings N=64, blue for tails N=32, orange and turquoise for solvent of the ring and linear chain simulations respectively. The dotted line depicts the total bead density of the simulation box. 
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Figure 2. Density profiles ρ(z) as a function of distance from wall z for (a) surface coverage σ=0.125 and (b) σ=1.0. The insets show ρ(z) as a function of the distance scaled by the chain length z/N for the corresponding surface coverage. Red colors are rings and blue for tails. 
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Figure 3. Density profiles ρ(z) and density profiles of end monomers for tails and middle monomers for rings multiplied by chain length Nρe(z) as a function of distance from surface z for (a) surface coverage σ=0.125 and (b) σ=1.0Rg. Chain length N is given in different symbols shown. Red colors are rings and blue for tails. 
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Figure 4. (a) Radius of Gyration Rg as a function of surface coverage σ and (b) Rg scaled by a free infinitely diluted chain value Rg0 as a function of surface overlap concentration σ∗. Straight lines indicate power law fits with scaling exponents shown next to the line. Red symbols are rings and blue for tails. 
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Figure 5. Radius of Gyration Rg as a function of chain length N. Straight lines indicate power law fits with scaling exponents shown next to the line. Red symbols are rings and blue for tails. 
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Figure 6. (a) Parallel component Rg∥ (full symbols) and normal component Rg⊥ (open symbols) of the Radius of Gyration as a function of surface overlap concentration σ∗ and (b) as a function of chain length N for surface coverage σ=0 (c) and σ=1. Straight lines indicate power law fits with scaling exponents shown next to the line. Red symbols are rings and blue for tails. 
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Figure 7. (a) Radius of gyration Rg scaled by the Rg0 of infinite dilution as a function of the surface overlap concentration σ/σ∗. (b) Parallel Rg∥ (full symbols) and perpendicular Rg⊥ (empty symbols) component of the radius of gyration scaled by Rg0/3 of infinite dilution as a function of the surface overlap concentration σ/σ∗. Rg∥ (full symbols) and Rg⊥ components (empty symbols) as a function of chain length N for (c) surface coverage σ=0.01 and for (d) σ=1.00. Red symbols are rings and blue for tails. Straight lines indicate power laws with scaling exponents shown next to the line. 
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Figure 8. (a) Asphericity δ∗ as a function of the surface overlap concentration σ/σ∗ and (b) asphericity frequency distribution F(δ∗) for NR=128 and NL=64. Red symbols are rings and blue for tails. 
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Figure 9. (a) Angle between the normal to the surface and the largest eigenvector of the gyration tensor β∗ as a function of the surface overlap concentration σ/σ∗ and (b) frequency distribution F(β∗) for NR=128 and NL=64. Red symbols are rings and blue for tails. 
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Figure 10. (a) Density profiles ρ(z) and end (mid) monomer distributions ρe(z). The short strait lines vertical lines symbolize the 2.5% brush height criteria (see text). (b) Parallel Rg∥ and perpendicular component Rg⊥ of the radius of gyration scaled with value of infinite separation RgI∥ and RgI⊥. Both as a function of brush distance D scaled by two times the brush height at infinite separation H at a surface coverage of σ=0.5. Red symbols are rings with Nrings=64 and blue for tails Ntails=32. Dashed lines and empty symbols for standard Dissipative Particle Dynamics (DPD) and full lines and symbols for DPD + modified Segmental Repulsion Potential (mSRP) (with bond repulsion potential). 
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Figure 11. (a) Interaction force Fint=∫−∞0ρ(z)zddz·(−1) generated by polymer beads acting on the walls of the system. The insert depicts the interaction potential Vint=∫Fint. (b) Integral of overlap Iov(ρ(z))=∫0Dρ1(z)ρ2(z)dz. Both plots are shown as a function of brush distance D scaled by two times the brush height at infinite separation H at a surface coverage of σ=0.5. Red symbols are rings with NR=64 and blue for tails NL=32. 
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