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1. Introduction  
Polymeric Friction Modifiers (PFMs) play a crucial role as additives in lubricants to mitigate friction and wear between 

contacting surfaces.1) These modifiers form a protective film upon adsorption onto surfaces, effectively reducing direct contact 
between surfaces and thereby minimizing friction and wear. The thickness of this boundary film is a critical determinant of PFM 
performance. PFMs undergo diffusion from the base oil and adopt an extended conformation upon interaction with the surfaces, 
highlighting the importance of understanding their conformational dynamics during dispersion and adsorption. 

Bottlebrush Polymers (BBPs), exemplified in this study by Poly(alkyl methacrylates) (PAMAs), have attracted attention as 
promising PFMs due to their distinctive molecular architecture.2,3) BBPs feature linear side chains extending from a lengthy 
backbone, offering significant design flexibility to tailor conformation. Molecular parameters such as molecular weight and side 
chain length, as well as external stimuli like temperature and mechanical stress influence the conformation and flexibility of BBPs, 
thereby impacting their functional efficacy. Prior studies have shown that side chains in BBPs tend to form clusters around the 
backbone, with the size and number of these clusters varying based on polymer design parameters and external stimuli.4) In this 
study, we aim to quantify the number of clusters in PAMAs and correlate this clustering phenomenon with polymer flexibility and 
conformational dynamics. 

 
2. Materials and Methods 

Atactic PAMA polymers with different side chain lengths, namely Octyl Methacrylate (OC), Lauryl Methacrylate (LA), and 
Stearyl Methacrylate (ST) were used. Molecular weights of each type of the polymers were varied to approximately 3000, 9000, 
12000, and 18000 g/mol. Hexadecane was chosen as the base oil due to its similarity to group III base oils for practical applications. 
Solid walls confining the polymer solutions were hematite plates with (001) surfaces. All these materials were described with all-
atom models combined with the COMPASS II force field.5) As represented in Fig. 1, we conducted molecular dynamics (MD) 
simulations for bulk solutions and shear of the PAMA solutions by solid surfaces. The temperature was set at 298 and 373 K. The 
concentrations were approximately 2 and 7.4 wt.% for the bulk and shear simulations respectively. The pressure was 0.1 MPa for 
the bulk simulations. In the shear simulations, the initial configurations of the polymers were the same as the final ones of the bulk 
simulations, and a normal pressure of 1.0 GPa and shear velocity of 20 m/s were applied to the upper surface while the lower 
surface remained stationary. MD simulations were performed using LAMMPS6) and visualization was facilitated by OVITO.7) 

Cluster analysis of the polymers was performed using the DBSCAN algorithm,8) and conformational analysis was performed by 
calculating Radius of Gyration (Rg) and end-to-end distance (Ree) of the polymers. 

 
Fig. 1  Model of bulk (left) and shear (right) simulations 
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3. Results and Discussion 
Cluster analysis revealed clear patterns in the distribution and arrangement of clusters among these PAMA polymers, with OC 

manifesting a higher cluster count compared to LA and ST. The schematic depiction of the cluster pattern is shown in Fig. 2. 
Clusters could be described as accumulations of atoms surrounding the polymer backbone (depicted in blue in Fig. 2), demarcated 
by regions of low density known as cluster nodes (highlighted in orange in Fig. 2). At the molecular weight of 3000 g/mol, each 
polymer formed only one cluster, with this count escalating with a reduction in side chain length and an increase in temperature. 
Kernel Density Estimation (KDE) plots provided insights into the frequency of conformational transitions, which further aided in 
relating the relationship between cluster arrangement, flexibility, and overall conformation. Notably, for OC, the cluster count 
remained relatively stable across varying conditions. Also, OC and LA exhibited a transition from a coil to a globule conformation 
as the temperature increased from 298 to 373 K, accompanied by a change in arrangement of clusters or an increase in cluster count. 
Examination of KDE plots also suggested that clusters tended to fragment and form nodes at elevated temperatures, attributed to 
heightened side chain mobility. Shear simulations highlighted the dynamic response of OC to mechanical stress, with significant 
changes in Ree attributed to its higher cluster count and flexibility. Examination of the change in conformation of LA and ST 
revealed that apart from temperature, mechanical stress can also induce formation of nodes between predefined clusters.  

 
Fig. 2 Random Snapshots taken from bulk simulations of OC (left), LA (center), and ST (right) of molecular weight of 

approximately 18000 g/mol, showing the wrapping of side chains around the backbone of the polymers to form clusters 
(blue regions). The clusters are separated by regions of low density (orange regions) referred to as cluster nodes. 

 
4. Conclusion 

Through bulk and shear MD simulations and cluster analysis, we have demonstrated that the PAMA polymers display 
characteristics akin to a chain of articulated clusters, and the conformation and flexibility of the polymers is highly correlated with 
the cluster patterns. These insights provide a foundation for informed design strategies to optimize BBP-based lubricant additives 
for enhanced friction and wear mitigation in various industrial applications. 
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