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Understanding of behavior of polymers under external force in the vicinity of surfaces is important to the development of high performance polymer systems required for the development of Pressure Sensitive Adhesives (PSAs)1, 2 and design of high performance nano-composites3,4 for increased toughness etc. The development of the above applications require the detailed understanding of the mechanisms by which the nano-surface – polymer interactions help to dissipate the energy of the stress. A number of experimental5-17 and simulation studies19-33 have been reported to understand the structure and dynamics of polymers under the application of stresses, especially close to surfaces. Experimentally researchers have studied the effect of force in the perpendicular to the surface on polymer chain. They found that the dissipation of energy depends on the structure of polymers during pulling, interaction among polymer chains and between polymer chain and surface. Creton and his group5 have studied the responses of polymer with different cohesive energy at constant applied velocity. They pointed out that as the surface forces decrease; the polymer sees an adhesive failure in that it is cleanly detached from the surface. However, as surface interactions become more favorable between the polymer and the surface, the polymer is stretched before forming fibrils and subsequently being cleanly displaced. The processes of fibrillation and of formation of cavities are important pathways to dissipation of energy and impact the properties of the polymer formulation.
We have studied pulling of a single polymer chain adsorbed randomly on a graphene surface using molecular dynamics simulation. Force is applied parallel and perpendicular to the surface in separate experiments.   The choice of polymer (polyethylene) allows simulations of simple straight chains that have primarily van der Waals interactions with the surface. A Graphene surface is chosen because it results in a well-defined, regular surface structure. We note that graphite based nanoparticles have also been in use in adhesive formulations. The behavior of polyethylene on graphene surfaces is perhaps the simplest of systems that allows us to focus on the role of surface interactions with the polymer and polymer-polymer interactions (both of which are tunable through the simulation parameters) and their roles in debonding mechanisms and strength of the bond.
We implemented constant temperature molecular dynamics simulations34, 35 in this study. The procedure adopted can be found in our recent publications36. Briefly, we put a randomly generated polymer chain containing N connected beads, where each bead corresponds to united atoms CH2 in a simulation box (362Å  362Å  362Å). The boundaries are assumed to be repulsive. The N value chosen for all simulations in this study is 1000. In addition, a square graphene sheet (edge length = 100Å) consisting of a network of hexagonally orientated (defined by Al-Haik et al.37) carbon atoms (sp2 hybridized) was kept at the center in the X-Y plane of the simulation box and the polymer chain placed above the surface. The graphene sheet is kept stationary in the simulation box. The coordinates of the beads in three dimensional is generated by using VMD38 (Visual Molecular Dynamics) and used in the MD simulations box.  We assumed that mass of beads of polymer and graphene sheet is m. 
I. Results 
A. Chain displacement due to application of external force parallel to surface (Fxext):
	Fxext is applied on all the beads of the polymer chain along the x direction (parallel to the surface). Snapshots of the polymer at different time steps for external force values are shown in figure 1. At low values of Fxext (for example, Fxext = 0.025 kcal/mol.Å), the chain slides slowly along one face of the surface, comes to the edge and crawls to the other face of the plane. At a higher applied force the polymer evolves into a fibrillated structure, and then escapes from the surface. Figure 2 shows the variation of nonbonded polymer-surface energy (EPS) with time at different values of the applied external force. 
Chain displacement due to application of force perpendicular to surface (Fzext):
Continuing this analysis of the behavior of a polymer chain close to a surface, the impact of the chain in the presence of a force perpendicular to the plane of the surface is studied. An external force Fzext (perpendicular to the plane of the surface) is applied on all beads of an equilibrated polymer chain (equilibration time t=1500ps). Figure 3 shows snapshots of the polymer chain on the graphene surface at different times and with increasing value of the applied force. 	We have measured non bonded interaction potential energy between polymer- graphene surface (EPS) as shown in figure 4. At a very low value of external force Fzext (for example, Fzext = 0.1 kcal/mol.Å), the polymer chain does not escape from the surface. At the higher values of the external force (Fzext = 1.0 kcal/mol.Å), the polymer chain takes much less time to escape from the surface completely.
II. Conclusions 
The stiffness of the polymer, the relative energy of interaction between the polymer moiety and between the polymer and surface, all affect the energy dissipated during the process of stress transfer. While these ideas were presented and developed for macroscopic polymer systems by Creton et al. 9,10 , this study shows that the mechanisms of stress dissipation hold true for single polymers in the vicinity of a nano-surface. The above analysis also implies that the presence of nano-surfaces affects the nature of polymer response to stresses and thus will affect the polymer failure. Choice of the polymer, the nano-surface (and how it interacts with the polymer) affects the mode of failure for both PSAs and composites. Thus, this paper provides a composite designed with the primary parameters of composite design.
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Figure 1: Snapshot of polymer chain pulling parallel to the surface (x-axis) at different values of external force, Fxext: (a) Fxext = 0.025, (b) Fxext = 0.05, (c) Fxext = 0.1 and (d) Fxext = 1.0 kcal/mol.Å and at fixed values of εPP = 0.3968,  εPS = 0.30, kφ = 2.0 kcal/mol and T=300K.

Figure 2:  Non bonded energy profile between polymer beads and surface (EPS) during polymer chain pulling parallel to the surface (x-axis) by various values of external forces Fxext (kcal/mol.Å).
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Figure 3: Snapshot of polymer chain pulling perpendicular to the surface (z-axis) by different values of external tensile force, Fzext: (a) Fzext = 0.1, (b) Fzext = 0.2, (c) Fzext = 0.3 and (d) Fzext = 1.0 kcal/mol.Å at fixed εPP = 0.3968,  εPS = 0.30, Kφ=2.0 kcal/mol and T=300K.




Figure 4:  Non bonded energy profile between polymer beads and surface (EPS) during polymer chain pulling perpendicular to the surface (z-axis) by various values of external forces Fzext (kcal/mol.Å).   
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EPS (kcal/mol)

Fzext = 0.1	36.705801105813258	42.537675639437843	31.515246064877736	31.261730908409699	29.66856542357694	36.372170556327546	38.716083865943425	38.2493617801426	39.540747719797054	48.574186718634472	34.787015685332854	11.21686941651792	21.044724993145472	16.474095654078624	33.070807993054096	13.814973700773498	40.389120333266433	19.179814335759115	29.965771803062125	22.459949324655557	26.737581900624555	16.216302079255172	36.705801105813258	42.537675639437843	31.515246064877736	31.261730908409699	29.66856542357694	36.372170556327546	38.716083865943425	38.2493617801426	39.540747719797054	48.574186718634472	34.787015685332854	11.21686941651792	21.044724993145472	16.474095654078624	33.070807993054096	13.814973700773498	40.389120333266433	19.179814335759115	29.965771803062125	22.459949324655557	26.737581900624555	16.216302079255172	1500	1501	1505	1510	1515	1520	1525	1530	1535	1540	1545	1550	1555	1560	1565	1570	1575	1580	1585	1590	1595	1600	-3908.6286799999966	-3888.2208399999959	-3921.1800799999987	-3827.8333800000032	-3915.6628399999963	-3879.4899400000004	-3894.2773200000001	-3828.0656399999998	-3861.6288399999967	-3865.9063999999998	-3872.5942399999999	-3855.7534800000003	-3862.5643999999998	-3816.5715400000022	-3856.5790999999999	-3883.1640199999997	-3874.5017200000002	-3892.7208599999963	-3816.4726999999998	-3874.5005399999995	-3881.86958	-3894.8426399999998	Fzext = 0.2	37.080597865229876	48.294656571618155	27.961773233961935	37.506047174650725	53.749982690628165	85.015618023673156	92.944354473497967	138.26818858139708	216.52970363933358	349.07396039285135	522.86522176854498	580.16690490270139	632.18244240469653	666.47019140583768	659.73979138119648	621.05690069235243	565.51117060448291	527.41792439590995	485.75444885823464	422.61093016117945	323.52867628267995	239.09947325767601	37.080597865229876	48.294656571618155	27.961773233961935	37.506047174650725	53.749982690628165	85.015618023673156	92.944354473497967	138.26818858139708	216.52970363933358	349.07396039285135	522.86522176854498	580.16690490270139	632.18244240469653	666.47019140583768	659.73979138119648	621.05690069235243	565.51117060448291	527.41792439590995	485.75444885823464	422.61093016117945	323.52867628267995	239.09947325767601	1500	1501	1505	1510	1515	1520	1525	1530	1535	1540	1545	1550	1555	1560	1565	1570	1575	1580	1585	1590	1595	1600	-3877.1421600000003	-3825.2379199999996	-3730.8740200000002	-3710.0432000000001	-3686.9062199999998	-3641.6934000000001	-3599.9800999999998	-3486.6094199999998	-3463.1617200000001	-3257.7470599999997	-3072.4155200000032	-2833.6634459999987	-2609.329808	-2309.3955200000028	-2154.2480799999962	-1892.38266	-1584.6736799999999	-1253.285128	-854.38066199999946	-655.21436000000051	-500.00793999999956	-353.23108999999948	Fzext = 0.25	46.967891619255575	40.956451518770905	45.583990510798785	88.738549404681152	111.43659401621066	202.19846655685754	280.13286716447874	427.75733813964672	529.53633784167255	560.39893833071574	531.3618463421526	432.34828719409205	336.00935832897056	239.07821750000019	122.8052724999999	5.8074479999999955	0	0	0	0	0	0	46.967891619255575	40.956451518770905	45.583990510798785	88.738549404681152	111.43659401621066	202.19846655685754	280.13286716447874	427.75733813964672	529.53633784167255	560.39893833071574	531.3618463421526	432.34828719409205	336.00935832897056	239.07821750000019	122.8052724999999	5.8074479999999955	0	0	0	0	0	0	1500	1501	1505	1510	1515	1520	1525	1530	1535	1540	1545	1550	1555	1560	1565	1570	1575	1580	1585	1590	1595	1600	-3889.8692250000004	-3801.7092499999962	-3737.9931000000029	-3592.1223250000003	-3457.4310500000033	-3240.5862999999963	-2934.1941000000002	-2555.2936500000001	-1955.4929825000002	-1426.7060375000001	-930.39080325000054	-642.60777000000053	-409.27035749999948	-239.07821750000019	-122.8052724999999	-5.8074479999999955	0	0	0	0	0	0	Fzext = 1	39.650511288091693	89.420597383490389	135.7285964114908	147.35999770184188	111.26709216550269	62.334585811337107	5.8966817999999996	0	0	0	39.650511288091693	89.420597383490389	135.7285964114908	147.35999770184188	111.26709216550269	62.334585811337107	5.8966817999999996	0	0	0	1500	1501	1502	1503	1504	1505	1507	1510	1515	1520	-3916.5940200000005	-2728.42616	-1794.2245200000002	-920.13732999999911	-428.91271399999954	-175.47976739999999	-5.8966818000000005	0	0	0	Time (ps)
EPS (kcal/mol)
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