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Abstract

:

Y-shaped polymer brushes contain two homopolymer branches attached at single grafting points. So far, monodisperse systems have mostly been studied in theory and through simulation. Introducing polydispersity can reveal new options to control the surface morphology. Here, we employ dissipative particle dynamics and vary the brush grafting density, composition of the branches, and their incompatibility to describe complex behavior of brushes at good solvent conditions. We show that scaling of the brush height obtained from simulations agrees with the theory and that usual structures, ripples, and aggregates, are shown for monodisperse systems. Finally, we observe the formation of a perforated layer instead of a ripple structure for polydisperse systems and formation of slightly asymmetric phase diagram.
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1. Introduction


Y-shaped polymer brushes are composed of two incompatible homopolymer branches that are attached to the same grafting points on a substrate [1]. A variety of system parameters, including individual branch lengths, their chemical nature, grafting density, etc., lead to unique phase behavior due to the incompatibility of individual branches and due to their response to the outer environment [2]. Structures that assemble on the surface determine its mechanical, electrical, or optical properties and have great potential in a variety of modern technological applications. Mixed polymer brushes refer to systems where two or more homopolymers are randomly grafted at the same point, which not only brings about a unique phase behavior, but also issues with controlling the uniformity of grafting and reaching the long-range order [3]. Therefore, in Y-shaped brushes, the grafting point can be occupied by just one branch of each type, leading to a uniform grafting density of each homopolymer and pronounced long-range ordering. In such systems, previous investigations have shown that the self-assembly of polymers can produce layered and ripple structures and spherical micelles formed at selective solvent conditions or in a melt state. Furthermore, in nonselective solvents, a dimple structure has been observed. In an experiment, worm-like structures or nearly bicontinuous structures were formed by Y-shaped poly(tert-butyl acrylate) (PtBA)/polystyrene (PS) brushes on the surface of silica particles [4].



In addition, advances in synthesis have allowed researchers to better control and lower the polydispersity of polymers that are prepared experimentally, thus bridging the gap between the results from the theory and simulations, where monodisperse systems are mostly described, and real polymers, which are always polydisperse. In modelling, polydispersity is modeled via the Schulz−Zimm (SZ) distribution, which is commonly used for describing experimental samples [5,6]. Recently, SZ distribution was used to describe the effect of polydispersity on the structure of polymer brushes under equilibrium and non-equilibrium conditions, or to describe the shape of the density profile in polymer brushes attached to a planar solid surface [7]. In this work, we used SZ distribution to describe the effect of polydispersity on the assembly of Y-shaped brushes attached to a planar surface and dispersed under good solvent conditions.




2. Methods


2.1. Dissipative Particle Dynamics


Dissipative particle dynamics (DPD) is a well-established simulation method suitable for modeling coarse-grained models of polymer chains, and it has been used to describe the phase behavior of polymers, including the self-assembly of copolymers in melt [8], solutions, or near solid surfaces [9]. Moreover, DPD is also suitable for modeling the phase behavior of polymeric systems under non-equilibrium conditions [10].



The basic unit in DPD is called a bead, which represents a collection of atoms, molecules, or even larger part of chains. The amount of mass that is hidden within one bead is given by the coarse-graining approach [11], which is used to coarse real or fine-grained systems. Rather than coarse-graining real chains and describing the specific system, we used a generic model that can capture the general behavior of Y-shaped mixed brushes grafted onto a flat surface.




2.2. Y-Shaped Mixed Brush Grafted onto a Flat Surface


Figure 1 shows a schematic picture of a flat surface grafted using a Y-shaped mixed brush. Our coarse-grained model contains two homopolymer branches with  A  and  B  beads that are grafted by one end onto the same points on the flat surface. The grafting points are distributed randomly on the surface.



The flat surface is represented by a collection of “frozen” beads, i.e., they do not move throughout the simulation, which have a density equal to the density of the surrounding fluid. A reflective layer with bounce-back boundary conditions is placed on the interface between the surface and the fluid to avoid its unphysical penetration into the surface. The combination of a reflective layer and flat surface with a density equal to the surrounding fluid neglects the unphysical density fluctuations of the fluid near the flat surface [12].




2.3. Polydisperse Y-Shaped Mixed Brushes


We adopted the Schulz−Zimm distribution   P  ( N )    [5,6] to include polydispersity into our coarse-grained model. This distribution is frequently used to describe polydispersity in simulations and corresponds to the results in synthesis [13]. The delta function   Γ  ( k )    and two parameters,    N n    and  k , are used to describe the distribution of chain lengths  N  in Equation (1).


  P  ( N )  =    k k   N  k − 1     Γ  ( k )   N n     e   (  − k  N   N n     )    .  



(1)




here,    N n    is the number averaged chain length and  k  is linked to the polydispersity index via the relation   P D I =  N w  /  N n  = 1 + 1 / k  . In the case of a monodisperse system,   k → ∞  , and   P  ( N )    transforms to the delta function, while for   k → 1  , the distribution of the chain lengths has an exponentially decaying shape.  A  branch is kept monodisperse in the rest of the paper, while the  B  branch has individual polydispersity   P D I =  {  1 ; 1 , 1 ; 1.5 ; 2.0  }    to cover low and high polydisperse systems, respectively. These polydispersity indexes are also available experimentally.





3. Results


3.1. Monodisperse Y-Shaped Brush Scaling


First, we validated our simulation model. To identify the systems of interest, we performed simulations of monodisperse systems with equal compositions,    f  A B   = 0.5  . We varied the grafting density from   0.01   up to   1.5  . Figure 2 shows the height of the brush   H   as a function of grafting density  σ .



It can clearly be seen that systems with a low grafting density,   σ ≤ 0.03   deviate from the semi-dilute polymer brush regime (SDPB) scaling (dashed line) and the brushes are fine in a mushroom regime. Increasing the  σ  to   0.1   leads to a crossover regime between mushroom and SDPB, while a further increase to   0.5   leads to crossover between the SDPB and CPBD regimes. A system with   σ > 0.5   has all chains in CPB. The scaling behavior of the brush height in Figure 2 agrees with what has been previously published [14], and allowed us to select appropriate grafting densities for each regime and to construct their phase diagrams. In the rest of the paper, we show phase diagrams for   σ =  {  0.03 ; 0.1 ; 0.5 ; 1.0  }   , unless otherwise stated.




3.2. Phase Behvaior of a Monodisperse Y-Shaped Brush


Figure 3 shows complete phased diagrams of monodisperse Y-shaped copolymer brushes under good solvent conditions for both branches grafted onto flat surface. The grafting densities correspond to those selected from Figure 2, where Figure 3a shows the results for   σ = 0.03  , Figure 3b for   σ = 0.10  , Figure 3c for   σ = 0.50  , and Figure 3d for   σ = 1.0  , respectively. The phase diagrams are displayed in the    a  A B   −  f  A B     plane, where    a  A B     shows the incompatibility between the  A  and  B  branch in the Y-shaped brush and    f  A B     shows the brush composition. The phase diagrams are symmetric around    f  A B   = 0.5  , where the left part of the diagram shows the results for the  A  branch and the right part shows the results for the  B  branch of the brush.



Only aggregates that can potentially transform into different type of micelles under different solvent conditions are formed in a system with a low grafting density,   σ = 0.03  , in Figure 3a, where the chains are in a mushroom regime. Here, the aggregates form mostly isolated islands that can temporarily interconnect. For    f  A B   ≠ 0.5   cases, the stability of the aggregates is very poor and results in a disorder phase. Increasing the grafting density to the crossover value between the mushroom and SDPB regime,   σ = 0.1  , as shown in Figure 3a, drives the assembly of the ripple structure at    f  A B   = 0.5   and shifts the aggregate phase window outside the symmetric region. Although the ripple structure is stable, it is still prone to fluctuations caused by the surrounding fluid. On the other hand, aggregates that are formed close to the symmetric case seem stable enough. Again, here, we do not observe the formation of any micellar structures, as both branches of the brush are dispersed under good solvent conditions.



A further increase of the grafting density to   σ = 0.5   results in the chains crossing over between SDPB and CPBD. The phase diagram in Figure 3c shows significant broadening of the ripple phase window and the aggregates are pushed to the outskirt of the phase diagram. Moreover, we see that order–disorder transition decreased from    a  A B   = 33   to    a  A B     around   25  , which is close to the value of    χ  A B   = 10.5   predicted for the order–disorder transition for the pure diblock copolymer melt. The systems with the highest grafting density,   σ = 1.0  , show only the ripple phase, and no other type of structure is observed.




3.3. Polydisperse Y-Shaped Brush Scaling


To set up proper minimum and maximum chain lengths in the Schulz–Zimm distribution and to test the validity of the polydisperse set of chains generated, we first compared the scaling behavior of polydisperse homopolymer brush  H  scaled by the corresponding monodisperse brush    H  m o n o    . Figure 4 shows the scaled brush height   H /  H  m o n o     as a function of      (  P D I − 1  )    1 / 2     for all of the grafting densities considered in this study. We measured the scaled brush height in systems with   P D I =  {  1.1 , 1.3 , 1.5 , 1.8 , 2.0  }   . The solid black line in the figure shows the linear scaling predicted by theory in the following form


  H /  H  m o n o   = 1 + α    (  P D I − 1  )    1 / 2   ,  



(2)




where   α ≈ 1.0   [7] and color points mark our simulation results. We see that our systems follow theoretical predictions in the case where the minimum and maximum chain lengths in our system are 5 and   6 〈 N 〉  , respectively. These settings are used in the rest of the paper for all polydisperse systems and determine the size of the simulation box. Moreover, we can see that scaling is achieved for chains with a medium and high grafting density with chains in the SDPB or CPBD regime (see Figure 2 for details). Chains at   σ = 0.03   that are in mushroom regime have   α ≈ 0.55  .




3.4. Phase Behavior of a Polydisperse Y-Shaped Brush


Figure 5 shows the phase behavior of polydisperse brushes with a low polydispersity   P D I = 1.1  . The comparison with monodisperse systems in Figure 3 reveals that even a small polydispersity for the  B  branch influences the assembly in the system and the surface morphology. First, we see that no assembly is observed in the case of sparsely grafted Y-shaped brushes (the   σ = 0.03   phase diagram is not shown here) and the formation of ripple phase in systems with   σ = 0.1   is suppressed where we see only the aggregates. More importantly, in a system with a medium (  σ = 0.5  ) to high grafting density (  σ = 1.0  ), we see the formation of a perforated layer (PL) of  A  instead of the ripple structure formed in the monodisperse system. The PL phase extends further to    f  A B   = 0.6  . The reason for this is that it lies on a long polydisperse  B  branches that stick out from the  B  ripple phase located close to the surface. These chains then penetrate through the  A  phase to the surrounding fluid. Such long chains are not in monodisperse systems where all the  B  branches are, where    f  A B   > 0.5   for the branches shorter than  A . Therefore, a similar behavior was not observed in the case of    f  B A   > 0.5  , where monodisperse  A  branches are much shorter and are not able to penetrate the B layer. For this reason, the phase diagrams of polydisperse systems are no longer symmetric around    f  B A   = 0.5  .



Further increasing the   P D I   to   1.5   and   2.0  , figures not shown here, moves the barrier between the order–disorder transition above systems with   σ = 0.1  . Moreover, the formation of the PL phase is more pronounced, ranges from   0.5   up to   0.7  , and occupies a large portion of the  B  phase window, where in a monodisperse system, we see a compact  A  layer above the  B  ripple phase. Finally, Figure 6 shows the simulation snapshots of the ripple and PL phase formed in monodisperse and polydisperse (  P D I = 1.1  ) systems with   σ = 0.5   and    f  A B   = 0.5  .





4. Discussion


In this work, we employed coarse-grained modelling and dissipative particle dynamics to describe the phase behavior of polydisperse Y-shaped brushes grafted to a flat surface and dispersed under good solvent conditions. In our polydisperse brush, the A branch was kept monodisperse, while B branch possessed different polydispersity that fits the experimentally achievable values. First, we validated our model by fitting the scaling behavior of a monodisperse system as a function of the grafting density. We showed that our model successfully captured all scaling regimes from mushroom to concentrated polymer brushes, and we were able to set proper grafting densities in these regimes for further simulations. Then, we performed a series of simulations to describe the phase behavior of monodisperse systems and showed that only aggregates and ripple structures were formed, which agrees with previously studied simulations and with theoretical predictions. Furthermore, we considered the Schulz−Zimm distribution to include polydispersity to the B branch of the Y-shaped brush. We showed that even a small polydispersity shifted the order–disorder transition to higher grafting densities. More importantly, we showed that starting at   P D I = 1.1  , the ripple structure was replaced by a perforated layer and that its phase window extended more when increasing the PDI up to 2, where only ripple and perforated layers were observed. Finally, we showed that manipulating the polydispersity of branches in Y-shaped brushes can lead to interesting phase behavior, and that combinations of polydispersity can offer additional parameters to control the morphology of a functionalized surface.
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Figure 1. Coarse-grained model of Y-shaped mixed brushes. Left: Y-shaped brush with symmetric distribution. Right: The asymmetric distribution of  A  (red) and  B  (blue) chain lengths. Orange beads represent frozen wall beads that do not move throughout the simulation and the dashed line is a reflective layer with bounce-back boundary conditions that avoids the penetration of the surrounding fluid (not shown here) into the solid surface. 
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Figure 2. Brush height  H  as a function of the grafting density  σ  for Y-shaped mixed brushes with a symmetric composition    f  A B   = 0.5  . The dashed line indicates scaling of a semi-dilute polymer brush (SDPB) regime, while the dotted line stands for the concentrated polymer brush (CPB) regime. 
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Figure 3. Phase diagrams of monodisperse Y-shaped mixed brushes under good solvent conditions grafted onto a flat surface with (a)   σ = 0.03  , (b)   σ = 0.10  , (c)   σ = 0.50 ,   and (d)   σ = 1.0   chains / unit   area   grafting density. Phase diagrams are shown in the    a  A B   −  f  A B     plane, where    a  A B     shows the incompatibility between the  A  and  B  branch in a Y-shaped brush and    f  A B     shows the composition of the branches in the brush. Symbols: disordered systems (open circle), aggregates (filled square), and ripple structure (filled triangle). The solid line shows the approximate boundaries between the different phases. 
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Figure 4. Brush height of the polydisperse homopolymer brush  H  scaled by the corresponding monodisperse value    H  m o n o    , as a function of the polydispersity index   P D I =  N w  /  N n   . The solid line indicates the linear scaling predicted by theory and the colored points are the simulation results for the different grafting densities. 
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Figure 5. Phase diagrams of polydisperse Y-shaped mixed brushes with   P D I = 1.1   under good solvent conditions grafted onto a flat surface with (a)   σ = 0.10  , (b)   σ = 0.50  , and (c)   σ = 1.0    chains  /  unit   area    grafting density. Phase diagrams are shown in the    a  A B   −  f  A B     plane, where    a  A B     shows the incompatibility between the  A  and  B  branches in a Y-shaped brush and    f  A B     shows the composition of the branches in the brush. Symbols: disordered systems (open circle), aggregates (filled square), and ripple structure (filled triangle). The solid line shows the approximate boundaries between the different phases. Red shows the structures formed by the  A  branch and blue shows the  B  branch. The half red, half blue square indicates that both types form aggregates, and the blue triangle with a red edge line indicates a perforated layer. 
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Figure 6. Simulation snapshots of a (a) ripple phase formed in a monodisperse system and (b) a perforated layer formed in a polydisperse system with   P D I = 1.1  . Both systems have   σ = 0.5   and    f  A B   = 0.5  . Red indicates the A branch of a Y-shaped brush. The polydisperse  B  branch is omitted for clarity. 
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