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Abstract 

We employ all-atom molecular dynamics (MD) simulation framework to unravel water 

microstructure and ion properties for cationic [Poly(2-(methacryloyloxy)ethyl 

trimethylammonium chloride] (PMETAC) brushes with chloride ions as counterions. First, we 

identify locally separate water domains (or first hydration shells) each around the {N(CH3)3}+ and 

the C=O functional groups of the PMETAC chain and one around the Cl- ion. These first hydration 

shells around the respective moieties overlap and the extent of the overlap depends on the nature 

of the species triggering it. Second, despite the overlap, the water molecules in these domains 

demonstrate disparate properties dictated by the properties of the atoms/groups around which they 

are located. For example, the presence of the methyl groups make the {N(CH3)3}+ group trigger 

apolar hydration as evidenced by the corresponding orientation of the dipole of the water 

molecules around the {N(CH3)3}+ moiety. These water molecules around the N(CH3)3}+ group 

also have enhanced tetrahedrality as compared to the water molecules constituting the hydration 

layer around the C=O group and the Cl- counterion. Our simulations also identify that there is an 

intervening water layer between the Cl- ion and {N(CH3)3}+ group: this layer prevents the Cl- ion 

from coming very close to the {N(CH3)3}+ group. As a consequence, there is a significantly large 

mobility of the Cl- ions inside the PMETAC brush layer. Furthermore, the C=O group of the PE 

chain, due to the partial negative charge on the oxygen atom and the specific structure of the 

PMETAC brush system, demonstrates strongly hydrophilic behavior and enforces a specific dipole 

response of water molecules analogous to that experienced by water around anionic species of high 

charge density. In summary, our findings confirm that PMETAC brushes undergo hydrophilic 

hydration at one site, apolar hydration at another site, and ensures large mobility of the supported 

Cl- counterions.  
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INTRDOCUTION 

Polymer or polyelectrolyte (PE) chains, when grafted to a solid surface at close-enough 

proximity to one another, stretch away from the solid surface in the form of brushes.1-3 These 

brushes are often responsive to environmental stimuli, such as the pH or the salt concentration of 

their surrounding solvent. Such responsiveness has been widely leveraged for functionalizing solid 

surfaces, such as planar surfaces, inner walls of nanochannel or a nanopore, outer surface of 

nanoparticles, etc., for a vast range of applications such as fabricating smart surfaces,4 developing 

biofouling-resistant surfaces,5 nanofluidic current rectification,6,7 nanofluidic diode fabrication,8 

ion and biosensing,9,10 targeted drug and gene delivery,11,12 oil recovery,13 water harvesting,14 and 

many more. The significance of the problem has prompted extensive research on the topic, with 

the research methods including theory,15-20 simulations,21-30 and experiments.31-35 In terms of the 

simulations, the primary approach for studying the polymer and PE brushes has been coarse-

grained simulations. Given the fact that the problem primarily focuses on capturing the behavior 

of long polymer chains and coarse-grained methods are very much adept in simulating large sizes 

of the polymer chains, coarse grained approaches 21-30 continue to remain the tools of choice for 

simulating the behavior and properties of polymer and PE brushes.  

 Very recently, however, there has been a keen interest to probe the behavior of the polymer 

and PE brushes with a greater degree of granularity. To achieve such a thing, Dormidontova and 

co-workers studied the behavior of the uncharged PEG (poly-ethylene glycol) polymer brushes 

using all-atom molecular dynamics (MD) simulations.36-38 These simulations captured the 

hydration behavior and the tail mobility of PEO brushes for different grafting densities as well as 

for different substrate curvatures. Other notable studies that have employed all-atom MD 

simulations for studying the behavior of the uncharged polymer brushes and the brush-supported 
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water molecules include the papers by Kubo and co-workers,39 and Yagasaki and co-workers.40 

Very recently, we started to explore in great detail, using all-atom MD simulations, the behavior 

of charged polyelectrolyte (PE) brushes and the brush-supported water molecules and the 

counterions.41-49 Our simulations primarily focused on anionic PE brushes, such as PAA 

[poly(acrylic acid)] or PSS [poly(styrene sulfonate)] brushes and yielded several interesting 

findings such as identifying water-in-salt electrolyte (WISE) like behavior of the PAA-brush-

supported counterions and water molecules,41,42 the alteration of the hydrogen bonding energetics 

inside the PE brush layer,44 the role of multivalent counterions in regulating the counterion 

bridging effect inside the brush layer,45 the PE brush charge density dependent changes in the 

orientation between the PAA and PSS brushes,46 and coion-driven electrokinetic transport in 

nanochannels grafted with PAA brushes.47-49 In this regard, there has been very little work in 

probing the behavior of cationic brushes and such brush-supported water molecules and 

counterions (anions) using all-atom MD simulations. Very recently, we studied PMETAC brushes 

using all-atom MD simulations and used machine learning methods to identify the alterations in 

the characteristics of the water-water hydrogen bonds inside such brush layer.50 Santos et al. also 

employed all-atom MD simulations for studying the PMETAC brushes: however, their findings 

primarily focus on the structure, configuration, and hydration of the brushes (with changing salt 

type) with little analysis of the behavior and properties of the brush-supported water molecules 

and counterions.51 Under such circumstances, a detailed understanding of the structure, 

configuration, and properties of the cationic-brush-supported water molecules and counterions and 

the role of different atoms of such cationic brushes in dictating these water and ion behaviors, only 

discernible by the detailed all-atom MD simulations accompanied by deep statistical analysis, 

remain largely missing.  
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In this study, we employ all-atom MD simulations to reveal several interesting facets of 

the PMETAC brush-supported water molecules and counterions. First, the water supported by the 

PMETAC-brush-Cl--ion-counterion system is found to form three water domains (or local regions) 

centered around three entities, namely the N atom [of the {N(CH3)3}+ moiety] of the PMETAC 

chain, the C=O group of the PMETAC chain, and the Cl- ion. These water domains are nothing 

but the first hydration shells formed around these respective moieties. We shall use the word 

“domain” and “first hydration shell” interchangeably throughout the paper. These domains 

overlap, i.e., the water molecules in one domain are shared by the other domains, and the extent of 

this overlap depends on the nature of the species triggering these domains. Second, the properties 

of the water molecules in these domains are dictated by the effects introduced by the different 

atomic/molecular entities of the PMETAC chains. For example, the N atom is present as the 

{N(CH3) 3}+ group: due to the presence of the three methyl groups, the {N(CH3)3}+ group induces 

apolar hydration. This is supported by the corresponding dipole orientation of the water molecules 

in the hydration shell (or the water domain) of the {N(CH3)3}+ group. Furthermore, the tetrahedral 

order parameter (q) of these water molecules in the domain around the {N(CH3)3}+ group is also 

greater (i.e., the water molecules in the domain around the {N(CH3)3}+ group are more structured) 

as compared to the water molecules in the domain around Cl- and C=O. Also, there is an 

intervening water layer between the {N(CH3)3}+ group and the Cl- ion; this layer prevents the  Cl- 

ion from coming into close vicinity of {N(CH3)3}+ group despite the strong electrostatic attraction 

between Cl- and {N(CH3)3}+. Accordingly, the Cl- ions are only weakly attracted to the 

{N(CH3)3}+ moieties; as a result, the Cl- ions demonstrate significant mobility inside the PMETAC 

brush layer. Such large mobilities are not witnessed for counterions associated with other types of 

densely grafted PE brushes, such as poly-acrylic or PAA brushes;41 however, despite such large 
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mobilities, the Cl- ions mostly remain confined within the brush layer and do not escape into the 

bulk. The C=O group of the PMETAC chain, on the other hand, demonstrates strongly hydrophilic 

behavior: due to the partial negative charges on the oxygen atom and the specific structure of the 

system, the C=O group enforces the dipole response of water molecules to be similar to that 

experienced by water around anionic species (e.g., Cl- ion). Please note that by this “specific 

structure”, we point to the fact that the C=O group is a part of the PMETAC chain in brush-like 

configuration and the brush configuration is such that the C=O group is significantly away from 

other influencing entities of the PMETAC chain. Overall, our findings show that despite being a 

well-known cationic PE chain, PMETAC brushes, demonstrate local hydrophilic hydration at one 

site and apolar hydration at another site and triggers very large mobilities of the Cl- counterions.  
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METHODS 

Our all-atom MD simulations considered three separate brush systems with varying grafting 

density (namely, σg = 0.15, 0.2 and 0.25 chain/nm2). These grafting density values have been 

previously considered in experiments.52-53 Each system consisted of 25 PMETAC chains arranged 

in a 5 x 5 square array. The PMETAC chains were solvated in water and the water was modeled 

explicitly using the SPC/E water model.54 Every PMETAC chain consisted of 24 monomers with 

methyl capping (see Fig. 1). Such chain length of the PE brushes is sufficient for capturing the 

structure and properties of the brush-supported water and counterions.44 

 

Figure 1: (a) Representation of the chemical structure of a single PMETAC monomer (for our 

simulations, n=24). (b) A snapshot of the chain structure.  In (b), black, white, blue, red spheres 

represent the carbon, hydrogen, nitrogen and oxygen respectively.  
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We carried out all-atom MD simulation using LAMMPS software package.55 Following 

our previous papers,42,44 the initial structure was created as a straight array of chains where columns 

of counterions were placed adjacent to each chain. We consider an additional added NaCl salt of 

0.01 M concentration, with the salt ions (Na+ and Cl-) being placed randomly in the bulk water 

above the brush layer. The structure was built using Moltemplate.56 OPLS all-atom forcefield, 

which is one of the most widely applied forcefields for modelling of polymeric systems57 and has 

been previously used to model PMETAC brushes58 (see section S1 in the supporting information 

for more details), was used to model the interactions between the brush atoms. The water was 

modeled using the SPC/E model, while for modeling the mobile ions, the parameters from the 

Joung-Cheatham (J/C) ion model were used.60 The J/C ion model considers a non-polarizable and 

spherical force field and the parameter sets were obtained by reproducing the solvation-free 

energies, radial distribution function, ion-water interaction energies, and lattice constants.60 Long-

range Columbic interactions were calculated using a PPPM (particle-particle particle-mesh) 

algorithm. The cutoff for the Columbic interactions was chosen as 10.5Å. On the other hand, 

geometric rules were used in all cases for finding the Lennard Jones (LJ) interaction parameters 

except for the case of the ion-ion and ion-water LJ interactions (for which the Lorentz-Berthelot 

mixing rule was used to be consistent with Cheatham et al.60) Also, the cut-off for the shifted-

truncated 12-6 LJ potential was considered as 13 Å.41 The simulation boundary was considered to 

be periodic in the x-y direction, while a fixed boundary condition was implemented in the z-

direction. LJ walls were maintained at both ends in the z-direction in order to prevent mobile 

counterion and water from escaping the system. 

At first, energy minimization was performed to remove any overlap of atoms. Then the system 

was run under NPzT ensemble (where dimensions along the z axis is varied) in order to equilibrate 
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the pressure at 1 atmospheric pressure. After the pressure equilibration, the result of the simulation 

was run in an NVT ensemble using a Nosé-Hoover thermostat at 300 K.36 The equilibration was 

confirmed by ascertaining that the average brush height fluctuated around a constant value (see 

Fig. S2 in the SI). After equilibration, the production run was performed for each system for 12 

ns. The simulation, the potentials, the system modelling, and the sampling protocols were kept 

similar to our previous studies.41,42 The brush height calculation, the brush height autocorrelation 

function, and all other details of the force fields (including the force field parameters) used in this 

study have been provided in sections 1 and 2 of the Supporting Information (SI).    
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RESULTS AND DISCUSSION 

Configuration of the PMETAC Brushes 

Figure 2(a) shows a snapshot of the brush system, depicting the brushes, water molecules, and the 

counterions. Figure 2(b) provides the variation of the brush height as a function of the grafting 

density. The brush height, as expected, increases with an increase in the grafting density. Figure 

2(c) provides the reduced monomer number density: for all the different grafting density values, 

the monomer density profiles demonstrate a step-like behavior, which is common for brushes at 

high grafting densities.41,61 Finally, Fig. 2(d) shows the endpoint distribution of the brushes: this 

distribution provides a measure of the flexibility of the chains in the axial direction. An increase 

in the grafting density leads to a weak increase in the brush height [i.e., the brush height changes 

from 13𝜎 to 15𝜎 as the grafting density increases from 0.15 to 0.25 chains/nm2; please see Fig. 

2(b)]. Accordingly, the peak of the end point distribution of the brushes for a greater grafting 

density shifts slightly to the right [see Fig. 2(d-inset)]. Furthermore, given that for a greater grafting 

density the number of chains per unit volume is more (i.e., there are a greater number of chains 

whose end points are counted), the magnitude of the 𝜌!𝜎" peak increases progressively with an 

increase in the grafting density.  
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Figure 2. (a) MD simulation snapshot (for a grafting density of 0.15 chains/nm2) showing the 

PMETAC brushes, water molecules, and Cl- counterions. Green, red and blue (background) 

respectively represents the brush, counterion and water. (b) Variation of the mean brush height 

(zheight) with the grafting density (σg) (see the caption of Fig. S2 in the SI for a detailed procedure 

employed to calculate the brush height). The unit of the grafting density is in chains/nm2 (c) Profile 

of the dimensionless monomer density (𝜌#𝜎"), where 𝜌# is the monomer density and 𝜎 is equal to 

3.5 Å and the maximum uncertainty (Δ𝛿$%&) among the points reported in the plot is ± 0.0031	𝜌𝑏𝜎
3. 

(d) Profile of the dimensionless end point density (𝜌!𝜎") (with the maximum uncertainty among 

the points reported in the plot being Δ𝛿$%&= ± 0.0016	𝜌𝑒𝜎
3). The dimensionless monomer and 

endpoint density profiles are measured along the z-axis (normal to the grafting plane). The distance 

from the plane is also measured in nondimensionalized units (z/σ). In the inset of (d), we magnify 

the end-point distributions for the z values where the peaks in the distributions occur. The black 

dotted line (in the inset) shows the trend of the peaks.    



 12 

Structure and Properties of the PMETAC-Brush-Supported Water Molecules 

We study the structure and properties of water confined within the PMETAC brush layer. In Fig. 

3(a), we show the variation of the average number density of the water molecules with distance 

from the grafting surface both inside and outside of the PMETAC brush layer. As has been 

observed for anionic brushes,41,42 here too, the number density of the water molecules inside the 

brush layer (i.e., in the space between z=5Å to z=45Å, measured from the grafting surface) 

decreases with an increase in the grafting density [see the inset of Fig. 3(a)]. A larger grafting 

density implies the presence of a greater number of monomers (for a given volume) inside the 

brush layer, which reduces the available space (for a given volume) for the water molecules inside 

the brush layer. This leads to the presence of a reduced number of water molecules, leading to a 

reduced water number density inside the brush layer (i.e., between z=5Å to z=45Å). Figure 3(b) 

confirms this grafting-density-driven reduction in the percentage of atoms belonging to water 

molecules inside the brush layer (i.e., between z=5Å to z=45Å). It is useful to note here that several 

of the main qualitative findings of Figs. 2 and 3, namely a decrease in water number density with 

an increase in grafting density, an increase in brush height with an increase of grafting density, 

etc., are common for any densely grafted PE brushes. For example, in our previous papers,19,41 

where all-atom MD simulations were employed to probe the structure and configuration of the 

anionic PAA (poly-acrylic acid) brushes, we have seen such qualitative results. 
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Figure 3. (a) Dimensionless density distribution of the water molecules inside and outside the PE 

brush layer as functions of the PE grafting density (σg). The unit of the grafting density is in 

chains/nm2. In the inset of (a), we magnify the distribution inside the brush layer (i.e., in the space 

between z=5Å to z=45Å, measured from the grafting surface). (b) Grafting-density-driven 

variation in the percentage of atoms belonging to water molecules inside the brush layer (i.e., in 

the space between z=5Å to z=45Å, measured from the grafting surface).  
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A deeper analysis of the water microstructure inside the brush layer (i.e., between z=5Å to z=45Å) 

confirms that there are multiple regions or domains of water molecules inside this PMETAC brush 

layer in the presence of the Cl- counterions. These domains (or 1st hydration shells) are centered 

around distinct ionic entities of the PMETA-Cl- system: there is one water domain around the N 

atom [of the {N(CH3)3}+ moiety] of the PMETAC brush, another domain around the Oδ- or the 

oxygen of the C=O group of the PMETAC brush, and the final domain around the Cl- counterions 

[see Fig. 4(a)]. The region identified as the “water domain”, in line with the definition of the first 

solvation shell, is considered as the space between the central atom (X = C, N or Cl) and the first 

minima of the X-O (X = C, N or Cl; O: Oxygen of the water molecule) RDF. These “water 

domains” are characterized by the fact that although the water domains around different central 

atoms (X = C, N or Cl) overlap [see Figs. 4(a,c) and Fig S4 in the Supporting Information], the 

moieties maintain their specific influence on the water present inside the water domain that are 

formed around them. As already pointed out, these water domains centered around these separate 

ionic species are nothing but the 1st solvation shell of these species. This is confirmed by Fig. 4(b): 

we calculate the solvation number (see section S3.2 of the SI for the calculation procedure) around 

the N atom [of the {N(CH3)3}+ moiety], Cl- ion, and Oδ- atom (of the C=O group). In each case, 

the solvation number is close to the number predicted by the experiments as well as ab-initio 

simulations.62-66 

At first, we calculate the extent of overlap of these domains: in other words, we are interested to 

understand to what extent the water molecules in the domain centered around a given species is 

shared in the water domain centered around another species. Figure 4(c) provides a pie chart that 

shows the extent to which the water molecules centered around a given species is shared by other 

species for a grafting density of σg= 0.25 chains/nm2. For other grafting densities, the results remain 
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qualitatively similar (see section S3.2 of the SI for more details). For example, for σg = 0.25 

chains/nm2, for the water molecules in the domain centered around the N atom [of the {N(CH3)3}+ 

moiety], 65% of the water molecules are not shared with any other species, 6% is shared with C=O 

group, 28% is shared with Cl- ion and 1% is common (shared among all moieties). On the other 

hand, for the water molecules in the domain centered around the Cl- ion, the majority (78%) is 

shared with the {N(CH3)3}+ group and almost nothing (i.e., less than 1% of the total number of 

water molecules) is shared with the C=O group, while a small fraction (19%) is retained to itself. 

Finally, for the water molecules in the domain centered around the C=O group, the majority (79%) 

is shared with the {N(CH3)3}+ group and almost nothing (<1%) is shared with the Cl-, while a 

small fraction (6%) is retained to itself. The C=O group of the PMETAC chain, due to the partial 

negative charge on the oxygen atom, will remain significantly away from the Cl- counterion: this 

explains the very little mutual sharing of the water molecules between these two species.  

It is important to note here that even though there is a significant overlap between the water 

domains (as elucidated above), the different moieties maintain their specific influence on the water 

molecules in their respective water domains. This influence maintained can be attributed to the 

specific structure of the PMETAC polyelectrolyte brushes, where (1) the chains, being in the 

“brush-like” configuration, are stretched in a unidirectional manner and (2) the atoms are separated 

due to bonds [atoms such as N and O (of C=O)] or due to the presence of the methyl groups (atoms 

such as Cl and N). 

In order to further investigate the microstructure, we plot the N-Ow, Cl--Ow, and Oδ--Ow radial 

distribution functions (RDFs) [see Fig. 4(d)]. Here Ow refers to the oxygen atom of the water 

molecule, while Oδ- refers to the oxygen of the C=O group. The magnitude of the RDF peaks 

around these moieties varies significantly, indicating that the density of water molecules varies 



 16 

significantly inside these domains. The peaks of both the Cl--Ow and Oδ--Ow RDFs occur at a very 

small distance, confirming that the water molecules are very close to the Cl- counterion and the 

C=O group of the PMETAC chains. Also, the height of the first Oδ--Ow RDF peak is less than 

unity, indicating that water molecules are less accessible in that region. This phenomenon can be 

attributed to the fact that the C=O moiety is close to the base of the polymer, resulting in poor 

hydration of the moiety. On the other hand, the peak of the N-Ow RDF occurs at a much larger 

distance due to the steric hinderance of the CH3 groups. Moreover, the peak of the N-Ow RDF is 

much blunter as compared to the peaks of the Cl--Ow and Oδ--Ow RDFs. This indicates that the 

water molecules around {N(CH3)3}+ moiety is not strongly affected by its charge and demonstrate 

only weak interactions with the {N(CH3)3}+ group. Such a trend for the RDFs is observed for other 

grafting densities as well (see section S3.1 of SI). Additionally, we plotted the N-Cl- RDF (see 

section S4 of SI) for different grafting densities. In Fig. 4(e), we show that for all grafting densities, 

the values of the locations of the peaks the N-Ow RDF remains smaller than the values of the N-

Cl- RDF peaks: this indicates that for the {N(CH3)3}+ group, water molecules are closer than the 

Cl- ion. This trend persists even when there is an increase in the grafting density (i.e., there are a 

greater number Cl- ions in a given volume around the PMETAC brush). The N-Ow RDF starts to 

rise at a shorter distance than N-Cl- RDF (see section S4 of SI), which also indicates that water 

molecules and not Cl- ion, is closer to {N(CH3)3}+ moiety. These information confirm the presence 

of an intervening water layer between the {N(CH3)3}+ moiety and Cl- ion; in other words, for the 

present case, {N(CH3)3}+ moiety and Cl- ion behave as solvent-separated ion pair. The 

consequence of such intervening water layer (and the fact that this water layer is very stable) is 

that the Cl- ions remain excluded from close vicinity of the {N(CH3)3}+ moiety despite the obvious 

electrostatic attraction between Cl- and {N(CH3)3}+. In summary, Figs. 4(a-e) confirm the presence 
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of distinct water domains around different entities of the PMETA-Cl- ion system: these water 

domains are localized at disparate average distances from these different entities and are also 

shared by other entities.   
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Figure 4. (a) Schematic showing the formation of three distinct water domains around the three 

moieties [N atom (of the {N(CH3)3}+ moiety) and C=O group of the PMETAC chain] and Cl- ion. 

(b) Solvation number around the N atom [of the {N(CH3)3}+ moiety] and the C=O group of the 

PMETAC chain and Cl- ion. (c) Pie charts showing the percentage of the water molecules present 

in the domains around the C=O (left), N atom [of the {N(CH3)3}+ moiety] (center), and Cl- (right) 

that are shared by other species. Red, blue and cyan respectively represents the % of shared water 

molecules only with N(CH3)3}+, Cl- and C=O group. Yellow represents % of water molecules 

shared with all the moieties. d) N-Ow, Cl--Ow, and Oδ--Ow RDFs. (e) Values of the locations of the 

peaks (rmax) of the N-Ow and N-Cl- RDFs plotted as functions of the PMETAC grafting densities.  
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The water molecules in these distinct domains formed around the different species 

demonstrate disparate properties. However, it is important to understand how the charge (or partial 

charge) of each functional group affects the surrounding water molecules in such an environment: 

a quantification of the dipole orientation of the water molecules in these domains formed around 

different species enable us to do that. Figure 5(a) provides the electrical dipole orientation of the 

water molecules inside these distinct domains. It has been already pointed out above that these 

water molecules inside these domains are nothing but the water molecules within the 1st solvation 

shell of the species, namely, the {N(CH3)3}+ and the C=O groups of the PMETAC chains and the 

Cl- counterion. The ideal water dipole orientation around hydrophilic anionic and cationic solutes 

should be 180° and 0° degrees, respectively [see Fig. 5(b)].64 Of course, in actual systems, the 

orientation of the water dipoles deviates from these ideal values on account of the thermal 

excitation and the energetic penalty associated with the unfavorable positioning (of these water 

molecules) relative to the adjacent water molecules. On the other hand, depending on the size and 

the shape of the solute, the dipole orientation of the water molecules around a hydrophobic  solute 

shows a range, but tends to prefer tangential direction for symmetrical entities.64,67 For our case 

(σg=0.25 chains/nm2), the water dipoles around Cl- ion is mostly oriented around 130°, which is 

the typical behavior for water molecules present in the first solvation shell of a hydrophilic anion.68 

It also indicates the water molecules are strongly bound (due to high attraction) to the Cl- ion and 

Cl- ion has a tightly-bound hydration shell. On the other hand, though being cationic, the water 

dipole orientation around the {N(CH3)3}+ moiety peaks around 75° indicating that the {N(CH3)3}+ 

moiety triggers an apolar-like hydration. This result highlights the manner in which the effect of 

the charge of the {N(CH3)3}+ moiety is overwhelmed by the hydrophobic influences of the three 

methyl (-CH3) groups. Such apolar hydration-inducing tendencies of the {N(CH3)3}+ entity (of 
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PMETAC brush) can be surmised from two factors. First, a significant amount of the reported 

literature indicates the strongly hydrophobic nature of the quaternary amines due to the presence 

of the hydrophobic methyl groups.63,65 Second, in our recent machine learning-based analysis of 

the water structure inside densely grafted PMETAC brushes, it has been revealed that the 𝐻 −

𝑂’ − 𝑂 angle (here “H” is the hydrogen atom, “O” is the donor oxygen atom, and “𝑂’” is the 

acceptor oxygen atom), characterizing the water-water hydrogen bonding, gets reduced for the 

water-water hydrogen bonds (HBs) formed inside the PMETAC brush layer as compared to the 

water-water HBs formed inside the bulk.50 Such a reduction in the 𝐻 − 𝑂’ − 𝑂 angle implies that 

the water-water HBs become more linear and hence stronger. This phenomenon also indicates 

water-water attraction strength increases due to weak {N(CH3)3}+-water interaction or apolar 

hydration.  On the other hand, the dipole orientation of water molecules within the domain around 

the C=O group (the C=O demonstrates strongly hydrophilic behavior) of the PMETAC chains is 

similar to that of water molecules around an anion with high charge density, i.e., very much like 

that around the Cl- ion. Such a scenario stems from (1) the presence of the partial negative charges 

on the O atom of the C=O moiety and (2) the fact that the C=O moiety is a part of the PMETAC 

chains that are stretched out in a “brush-like” 1D configuration (without any coiling) and that the 

C=O moiety is somewhat separated from other influencing functional groups of the PMETAC 

chains (due to the specific structure of the PMETAC chains). Overall, inside the PMETAC brush 

layer, there is hydrophilic hydration at one site and apolar hydration at another site.  

It is worthwhile to point out here that the dipole orientation of the water molecules around 

the {N(CH3)3}+ moiety is calculated by considering the nitrogen atom as the reference point. We 

did calculate the same dipole moment of the water molecules around the {N(CH3)3}+ moiety by 

considering the hydrogen atoms of the {N(CH3)3}+ moiety as the reference point. Figure 5(c) 
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compares the two cases, i.e., the water dipole moments around the {N(CH3)3}+ moiety calculated 

with N and H atoms as reference points: we see very little change in the dipole moment distribution 

between these two cases. Also, we shall like to point out that the apolar hydration of the {N(CH-

3)3}+ moiety stems from the fact that the charges of hydrogen atoms present in the moiety (0.1e) is 

much less than the charges of a water molecule. Therefore, water molecules interacts weakly with 

the {N(CH3)3}+  functional group. Also, there are several experimental studies62,69-71 that have 

specifically pointed out the apolar hydration of the {N(CH3)3}+ moiety [or more specifically, the 

apolar hydration of the {N(CH3)4}+ ion, i.e., the Tetramethylammonium (TMA) ion]. 
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Figure 5. (a) Probability distribution of the orientation angle of the water dipole for the water in 

the three separate domains, namely water around the N atom [of the {N(CH3)3}+ moiety], C=O 

group, and Cl- ion for a grafting density of σg = 0.25 chains/nm2 (results for σg = 0.15 chains/nm2 

and σg = 0.2 chains/nm2 have been provided in section S5 of the SI). (b) Schematic showing the 

orientation of a water molecule around an ideal cation, an ideal anion, and a hydrophobic solute. 

(c) Comparison of the probability count distribution of dipole orientation of water molecules in 

the vicinity of the {N(CH3)3}+ moiety considering the N atom or the H atoms of the {N(CH3)3}+ 

moiety as the reference point. The results are for a grafting density of σg = 0.25 chains/nm2. 
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Finally, in Fig. 6, we provide the probability count distribution (for σg=0.25 chain/nm2) of the 

tetrahedral order parameter (given by Errington and Debendetti72) of the water molecules in these 

different domains, or the water molecules associated with the solvation shells of the {N(CH3)3}+ 

moiety and the C=O group of the PMETAC chains and the Cl- counterions. Such tetrahedral order 

parameter (q) gives a measure of the structural order: the greater the value of q more structured are 

the water molecules (see section S6 of SI for more details). A high tetrahedral order parameter 

(closer to 1) means the solvating water molecules are in a perfect tetrahedron (like ice); that is the 

reason for which for a greater value of the order parameter, the water molecules are considered to 

be “more structured”. The water molecules in the solvation shell (or the water domain) of the 

{N(CH3)3}+ moiety show a greater value of q as compared to the water molecules in the solvation 

shell or water domain of the Cl- counterion or the C=O group. As mentioned before, the charges 

of hydrogen atoms present in the {N(CH3)3}+ moiety (0.1e) is much lower than water molecules. 

Therefore, water molecules try to form relatively stronger interactions with other water molecules 

than the moiety itself, resulting in enhanced q parameter of the water molecules present in the 

domain around the {N(CH3)3}+ group. On the other hand, the significantly low tetrahedral order 

parameter of the hydration shell water around the C=O group, which signifies reduced structuring 

of water molecules around the C=O group, can be attributed partly to the partial charges of the 

C=O group and the resulting hydrophilic hydration (such hydration, stemming from the strongly 

hydrophilic behavior of the C=O group, leads to stronger C=O-water interactions causing a 

reduced water structural order) and partly to the presence of other methyl groups surrounding the 

C=O group. The low tetrahedral ordering of the water molecules around the Cl- atom can be 

primarily attributed to its high charge density and its resulting interactions with the surrounding 

water molecules (such interactions distort the water tetrahedron more and consequently the q 
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parameter decreases). We also studied the tetrahedral order parameter of the water molecules 

around these different entities for other grafting densities (σg=0.20 and 0.15 chains/nm2): the 

results are provided in the SI and demonstrate similar behavior. Moreover, an increase in the 

grafting density weakly decreases the tetrahedral order parameter, i.e., reduces the extent of water 

structuring: this is evident in a small decrease in the fraction of the water molecules with greater q 

values and a slight leftward shift of the peak in the P(q)-vs-q distribution [see Fig. 6-inset and Fig. 

S7 in the SI].  
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Figure 6. Variation of the tetrahedral order parameter for the water in the three separate domains, 

namely water around {N(CH3)3}+ group and C=O group of the PMETAC chain and Cl- ion. These 

results are all for a grafting density of σg = 0.25 chains/nm2. (Inset) Comparison in the variation of 

the tetrahedral order parameter for the water in the domain formed around {N(CH3)3}+ group 

between the cases of σg = 0.25 chains/nm2 and σg = 0.15 chains/nm2. 
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Structure and Properties of the PMETAC-Brush-Supported Cl- Counterions 

The multiple water domains inside the PMETAC brush layers involve the counterions as well, 

given the fact that one of the domains is around the Cl- ion. Therefore, a complete description of 

the problem must involve a detailed accounting of the counterion properties and behaviors inside 

the PMETAC brush layer. First, in Fig. 7(a), we plot the dimensionless counterion number density 

as a function of the grafting density of the PMETAC brushes. An increase in the grafting density 

will imply a greater number of charged monomers for a given volume; therefore, in order to 

balance the monomer charges, there will be a larger number of counterions in a given volume. 

This ensures that the counterion number density increases as a function of the grafting density. On 

the other hand, in Fig. 3, we have pointed out that the water density decreases with an increase in 

the grafting density. Despite such opposite trends, the relative distances between the Cl- ion and N 

atom and the N atom and water molecule remain the same for all values of the grafting density, 

with N-Ow RDF peak distance being smaller than the N-Cl- RDF peak distance for all grafting 

densities [see Fig. 4(e)]. Such trends in the N-Ow and N-Cl- RDFs with the PMETAC grafting 

density, despite the grafting density influencing the counterion and water concentrations 

differently, can be mainly attributed to the stable intervening water layer between {N(CH3)3}+ and 

Cl- that forces the Cl- ion to remain at large-enough distance from the {N(CH3)3}+ group despite 

the electrostatic attraction between the {N(CH3)3}+ moiety and Cl- ions.    

We next attempt to quantify the mobility of the counterions inside the PMETAC brush 

layer. For that purpose, we calculated the probability distribution function of the distances traveled 

by a Cl- counterion in 40 picoseconds as a function of the PMETAC brush grafting density [see 

Fig. 7(b)]. We compare this result with the probability distribution function of the distances 

traveled by a Na+ counterion inside a PAA brush layer. All-atom MD simulation data for the PAA 
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brush layer that has been used for this figure has been generated from the parameters of our 

previous study.42 The grafting density of the PAA brush layer is 1.67 chains/nm2, which 

tantamounts to a brush-brush separation distance of 𝑙 = + '
'.)*/,$! = 7.73Å. On the other hand, 

the maximum grafting density considered for the PMETAC chains is 0.25 chains/nm2 that converts 

to a brush-brush separation distance of 𝑙 = + '
-..//,$! = 20Å. However, there are bulky side chains 

on two sides of the PMETAC chains, ensuring an effective reduction of the brush-brush separation 

distance for the PMETAC brushes. Interestingly, the number density of the solvating water 

molecules for these two separate cases, namely the case of PAA brush layer with a grafting density 

of 1.67 chains/nm2 and the case of the PMETAC brush layer with a grafting density of 0.25 

chains/nm2, closely resemble with one another [see Fig. 7(c)]. This implies both these systems, 

with disparate grafting densities, exert a similar degree of confinement to the solvating water.46 

Accordingly, we can hypothesize that the effective chain-chain separation distance for the 

PMETAC brushes (for a grafting density of 0.25 chains/nm2), on account of the bulky side chains, 

will be similar to the chain-chain separation distance of the PAA brushes (for a grafting density of 

1.67 chains/nm2). Despite that, we find that the distance traversed by the Cl- ions inside the 

PMETAC brush layer (for a grafting density of 0.25 chains/nm2) is several times greater than the 

distances traversed by the Na+ ions inside the PAA brush layer (for a grafting density of 1.67 

chains/nm2) [see Fig. 7(b)]. This confirms the significantly large mobility of the Cl- counterions 

inside the PMETAC brush layer and this can be attributed to the weak attraction of the Cl- ions to 

the {N(CH3)3}+ groups of the PMETAC chains owing to the failure of the Cl- ions to come to close 

enough proximity of the {N(CH3)3}+ group, as confirmed by Fig. 4(e). Additionally, we calculated 

the probability distribution for σg=0.15 and 0.2 chains/nm2 [shown in Fig. 7(d)], which shows a 
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slight increase in counterion mobility due to the reduction of the steric hindrance at lower grafting 

densities. Therefore, it can be concluded that the chemical nature of the confining medium plays a 

greater role on dictating counterion mobility than the degree of confinement (or grafting density). 

In order to further showcase the enhanced mobilities of the counterions inside the PMETAC layers, 

we plot the MSD (mean square displacement) of the counterions inside the PMETAC brush (for 

different grafting densities) and the PAA brush (with a grafting density that enables a similar 

degree of confinement for the solvating water as the PMETAC brush layer with a grafting density 

of σg= 0.25 chains/nm2) [see Fig. 7(e)]. This MSD is calculated using eqs.(1) below: 

𝑀𝑆𝐷(𝑡) = 〈(𝑟(𝑡) − 𝑟-).〉 .     (1) 

𝐷 = '
)
lim
0→2

3
30
〈(𝑟(𝑡) − 𝑟-).〉 .     (2) 

 

In eqs.(1,2),  𝑟(𝑡) is the position of the a particle at time t, 𝑟- is the initial position of the particle, 

and <	>	denotes the average over all the particles and different initial positions, and D is the 

diffusion coefficient. The MSD values clearly demonstrate the significantly large mobilities of the 

counterions inside the PMETAC brush layer (especially for the case of weak grafting density 

values). For PAA it shows that the Na+ atoms are completely immobilized and are fluctuating in 

their respective positions. Table 1 shows the diffusion coefficients calculated for all the systems. 

The diffusion coefficient (D) has been calculated from the Einstein formula by using the slope of 

the MSD curve 81 (Eq. 2).  From the table we can see that the diffusion coefficient for PMETAC 

brushes with a grafting density of σg= 0.25 chains/nm2 is significantly higher than PAA brushes. 

Therefore, for a similar degree of confinement, despite Na+ ion having lower mass (23 amu) than 

Cl- (35.5 amu), the mobility and diffusivity of the Na+ ions inside PAA-brush-Na+-counterion 
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system is much less than the mobility and diffusivity of the Cl- ions inside PMETAC-brush-Cl--

counterion system. 

Finally, in Fig. 8, we compare the number density distribution of the N atom [of the {N(CH3)3}+ 

groups] and Cl- ions and observe that there is very little difference between these number densities 

within the brush layer. Hence, we can infer that most of the Cl- counterions remain inside the brush 

layer despite having high mobility. Therefore, we can hypothesize that inside the brush layer, the 

counterions are not strongly attracted to a fixed oppositely charged site on the brushes, but rather 

move around inside the brush layer without actually leaving the brush layer.  
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Figure 7. (a) Dimensionless density distribution of the Cl- counterions inside and outside the 

PMETAC brush layer as functions of the PMETAC brush grafting densities (the maximum 

uncertainty among the points reported in the plot being Δ𝛿$%&= ± 0.0403	ρ45σ"). (b) Distribution 

of the average distances traversed by the counterions for PAA and PMETAC. The results (of the 

PMETAC) are compared with the average distances traversed by a Na+ ion inside the PAA brush 

layer having  σg= 1.67 chains/nm2. (c) Dimensionless water density distribution of PMETAC brush 

layer (σg= 0.25 chains/nm2) and PAA brush layer (σg= 1.67 chains/nm2) with Na+ counterions (the 

maximum uncertainty among the points reported in the plot being Δ𝛿$%&= ± 0.136	𝜌𝑛𝑤𝜎
3). The 

sampling region (5Å to 45 Å from lower wall) is shaded in yellow. (d) Distribution of the average 
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distances traversed by the counterions for of PMETAC for different grafting densities (σg= 0.15,0.2 

and 0.25 chains/nm2). (e) MSD variation of the counterions inside the PMETAC brush layer 

(counterions are Cl- ions) and the PAA brush layer (counterions are Na+ ions). The results are 

shown for the PMETAC brush layer with three different grafting density values, while for the PAA 

brush layer the grafting is σg= 1.67 chains/nm2 (i.e., a grafting density that enables a similar degree 

of confinement for the solvating water as the PMETAC brush layer with a grafting density of σg= 

0.25 chains/nm2). In the inset of Fig. 7(e), the MSD plot for the Na+ ions inside the PAA brush 

layer have been magnified.   
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Table 1: Diffusivities (D) of the Na+ ions inside PAA-brush-Na+-counterion system and the Cl- 

ions inside PMETAC-brush-Cl--counterion system.  

Counterion D х 10-10 (m2/s) 

Cl- (inside PMETAC brushes, 𝜎6 = 0.15 chains/nm2) 3.61± 0.3626  

Cl- (inside PMETAC brushes, 𝜎6 = 0.20 chains/nm2) 3.09 ± 0.3339 

Cl- (inside PMETAC brushes, 𝜎6 = 0.25 chains/nm2) 2.44 ± 0.266  

Na+ (inside PAA brushes, 𝜎6 = 1.67 chains/nm2) 0.016 ± 0.0235  
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Figure 8. Dimensionless density distribution of the Cl- counterions and N atoms [of the 

{N(CH3)3}+ groups] (of the PMETAC brushes) inside and outside the PMETAC brush layer 

(results are shown for a grafting density of 0.25 chains/nm2) and the maximum uncertainty among 

the points reported in the plot being Δ𝛿$%&= ± 0.0341	𝜌𝑁/𝐶𝑙−𝜎
3. 
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CONCLUSIONS 

We have studied the microstructure of water and properties of counterions inside the PMETAC 

brushes using all-atom MD simulations. We reveal that inside water-solvated PMETAC brushes 

there are multiple water domains, centered around distinct moieties. These water domains overlap, 

although the specific architecture of the PMETAC brushes ensures that the water molecules inside 

these domains retain the influence of the moiety triggering these water domains. Water molecules 

in these domains demonstrate distinctly different properties that point to PMETAC brushes 

triggering hydrophilic hydration at one site (C=O group) and apolar hydration (with water 

molecules showing greater structural order) at another site ({N(CH3)3}+ group). Water forms a 

stable intervening layer between the {N(CH3)3}+ moiety and the Cl- ion, thereby preventing the 

Cl- ion to come in close proximity to the {N(CH3)3}+ group despite strong electrostatic attraction. 

Such a scenario ensures a significantly high Cl- ion mobility inside the PMETAC brush layer. The 

C=O group of the PMETAC chain, on the other hand, demonstrates strongly hydrophilic behavior 

and the dipole orientation of the water molecules in the water domain around the C=O group 

resembles that around an anion with high charge density. Overall, our findings unravel highly 

intriguing water and ion behavior around a very well-studied cationic brush system and we 

anticipate that these findings will motivate newer discoveries and applications of PE brush grafted 

systems. For example, this study establishes a most unique scenario where counterions are highly 

mobile inside a highly charged brush layer with large grafting density: this is usually not the case 

for highly charged brushes. Such large mobilities of the counterions, for example, can be 

successfully leveraged to trigger stronger electroosmotic transport47 and more efficient 

electrokinetic energy generation.49 
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MD simulation details; Results showing the time evolution and autocorrelation function of brush 
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dipole orientation around different moieties for different grafting densities; Tetrahedral order 

parameter of water around different moieties for different grafting densities.  
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