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Accepted: 18 June 2015 petween two hydrogenated graphene domains serving as a nanoscale pathway for transporting
Published: o5 August 2015 :  admolecules. Our molecular dynamics simulations using a prototype physisorbed C¢, admolecule
. demonstrate that the proposed GNRD is able to confine the diffusive motion of the admolecule
© within the nanoroad up to a certain temperature, depending on its width and edge type. Within
. the confinement regime, the width and edge-type of the GNRD also play an important role in the
. molecular motion. Specifically, when the GNRD width is narrower than the admolecule diameter, the
admolecule performs one-dimensional hopping motion along the nanoroad. When the GNRD width
. is larger than the admolecule diameter, the admolecule moves only along one of its edges at low
. temperatures, and shuffle between two edges at high temperatures. We further show the admolecule
. motion on the zigzag-edged GRND is faster than that on the armchair-edged GRND with the same
. width and at the same temperature. These results can be well explained by analysing the potential
energy surfaces of the systems. Since such hydrogenated graphene nanostructures have been
experimentally realized, our results provide a valuable reference for constructing molecular conveyor
circuits.

Precise control of the position and mobility of nanoscale building-blocks, such as atoms, molecules and
clusters, is an ultimate challenge in nanotechnology' with ubiquitous applications in nanodevice fabri-
: cation?, catalysis®, information technology* and nanomedicine®. To this end, construction of nanoscale
- pathways whose function is analogous to railway tracks or highways would be essential for precise, effi-
cient, and readily automated delivery of these building-blocks®. Moreover, from the fundamental point
of view, understanding the mechanisms of molecular motion is also an intriguing task in physics and
surface science.
: Graphene is electrically and thermally conductive, chemically inert, and mechanically robust. Besides,
: the kinetic friction of physisorbed molecules on graphene is significantly low, which is desirable for
. efficient and high speed molecular transportation’”. Hence, graphene-based materials are promising
for constructing mass conveyer systems by applying a temperature gradient or external electric field'*-
13 For example, carbon nanotubes (CNTs) have received special attention to transport nanofluids!®!.
Furthermore, it has been demonstrated that graphene nanoribbons (GNRs) can be employed to transport
* the adsorbed molecules'>~'8. The potential energy barrier at the edges of a GNR effectively confines the
. molecular motion along the nanoribbon'®. As an advantage to CNTs, the shape of GNRs can be engi-
neered by the lithography approaches'®. However, cutting and integrating the easily deformable “flimsy”
GNRes is a challenge to the implementation of sophisticated mass transport circuits'>. Hence, efforts are
needed to circumvent this technical obstacle and introduce alternative highways for molecular transfer.
Chemical functionalization of graphene, especially with hydrogen, has been shown to be an effective
approach for manipulating its electronic and magnetic properties?®-?2. Previous studies on the function-
alized graphene have been performed mainly on the mechanical and physical properties of the mate-
© rial??*. Recently, application of patterned hydrogenation on graphene for molecular packing has also
© been suggested®. Moreover, the effect of hydrogenation of graphene on the molecular mobility of a phy-
. sisorbed molecule has been studied?. It has been shown that random hydrogenation of graphene leads
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to a drastic reduction of admolecule mobility due to the strong effect of hydrogenation on the potential
energy surface of the system?. This finding raises an interesting question: Is it possible to utilize the
hydrogenation of graphene to construct a “nanoroad” with a pristine graphene strip being embedded
in between two hydrogenated domains without the need for cutting and assembling? Remarkably, this
question has been recently addressed*”?. Using first principles calculations, the feasibility of constructing
graphene nanoroads (GNRDs) with desired armchair or zigzag edges embedded between two domains
of graphane (fully hydrogenated graphene) was illustrated and their electronic and magnetic properties
were studied”. Moreover, electron beam lithography (EBL) technique was employed to experimentally
realize the hybrid superlattices of hydrogenated graphene with desirable geometries®.

In the present work, we perform molecular dynamics (MD) simulations to study the diffusive motion
of a prototypical physisorbed admolecule (C4;) on a graphene nanoroad (GNRD). More specifically, we
would like to address the following questions: (1) Can the GNRD confine the motion of a Cg, admole-
cule? (2) How does the edge type of the GNRD affect the molecular mobility? (3) How does the width
of the GNRD affect the molecular mobility? (4) How does the temperature affect the molecular mobil-
ity? Answers to these questions would be useful for finding robust approaches to conveying nanoscale
building-blocks and controlling their motion.

Results and Discussion

First, we examine the trajectories of the Cg, centre of mass (COM) on the armchair-edged GNRD
at different temperatures. Simulation results are shown in Fig. 1, in which the C¢; COM trajectory is
presented in red, the hydrogen atoms are presented with blue circles, and the graphene honeycomb
structure is presented in green. The left side panels (Fig. 1(a2-a4)) show the Cq, trajectories on a 5A
width armchair-edged nanoroad at 100K, 200K, and 300K, respectively. These trajectories illustrate that
a 5A width nanoroad, which is narrower than the diameter of the C,, admolecule (with the mean
atom-to-atom diameter of ~7.1 A)*, is able to confine the surface diffusion of the Cg, along the nano-
road up to the room temperature. The right side panels (Fig. 1(b2-b4)) show the typical trajectories of
the Cq4, admolecule on an armchair-edged nanoroad with a width of ~20 A at 100K, 200K and 300K,
respectively. It is seen that the nanoroad, which is wider than the diameter of the admolecule, can also
confine the molecular motion up to the room temperature. However, depending on temperature, the
confined motion in this case shows two distinct regimes: At low temperatures (see Fig. 1(b2)), the Cg,
admolecule diffuses only along one of the edges. In this regime, the diffusion of the admolecule along
the edge is via the hopping mechanism between the adjacent adsorption sites of the edge. This indicates
that the edge of the GNRD plays the role as an “adsorbing-wall” in the motion of the admolecule. At
high temperatures, the Cg, admolecule “switches” its motion between the two edges of the GNRD (See
Fig. 1(b3,b4)). It can be seen that in this “switching” motion, the duration of sticking intervals is reduced
and the admolecule exhibits a quasi-continuous Brownian motion along the nanoroad edges. Our simu-
lations show that the transition temperature between these two regimes for the armchair-edged GNRD
occurs at around 150K. The physics behind the scene of adsorption of the Cy4, admolecule to the edges
of a GNRD will be discussed later.

Next, we examine the trajectories of the C4y COM on the zigzag-edged GNRD at different temper-
atures. Figure 2(a-c) shows the trajectories of the Cq, admolecule on a zigzag-edged nanoroad with a
width of ~20 A at 100K, 200K and 300K, respectively. It can be seen that, similar to the armchair-edged
GNRD as shown in Fig. 1(b2-b4), the zigzag-edged GNRG also confines the molecular mobility up the
room temperature. Similar to the GNRDs with armchair-edges, there also exist two distinct regimes
depending on temperature, that is, the edge hopping regime at low temperatures (see Fig. 2(a)), and
the quasi-continuous Brownian motion at high temperatures (see Fig. 2(b,c)). We found that for the
zigzag-edged GNRD, the transition occurs at about 125K. A comparison between Fig. 1(b2) and
Fig. 2(a) reveals an apparent difference in the molecular motion between the armchair and zigzag edges.
Figure 1(b1) clearly shows the intervals between hopping events along the armchair-edged GNRD at
100K; while Fig. 2(a) shows a smoother trajectory of the Cy, admolecule along the zigzag edge at the
same temperature. Hence, the Cy, admolecule along the zigzag edge has a higher mobility than that along
the armchair edge. For comparison, we have provided two Supplementary Movies to show the difference
in the diffusion of Cg, admolecule on these two types of GNRDs at 100K.

To quantify the molecular mobility on the GNRDs, we calculated the diffusion coefficient, D, of the
Cyo using the best linear fit to its mean square displacement (MSD) curve. The values of the logarithm
of D versus the inverse of temperature, T, are plotted in Fig. 3. In the case of nanoroads narrower than
the Cq, diameter, Fig. 3(a) shows the results for the armchair-edged GNRD with the width of 5 A. In this
figure, the values of D for the Cy, on the infinite pristine graphene are also plotted for comparison. The
widely used Arrhenius relation is employed to analyse the temperature-dependence of D as the following:

Eu
kT

)

D =D, exp[—

(1)

where, T is the temperature, k; is the Boltzmann constant, D, and E, are the prefactor and activation
energy of the diffusion process, respectively. Figure 3(a) shows that for this case, the values of D can
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Figure 1. Initial configurations of the Cq, admolecule on the armchair-edged GNRDs with width of 5 A
(al), and 20A (b1). The trajectories of the Cyy admolecule centre of mass (COM) on these two nanoroads
at different temperatures of 100K, 200K, and 300K are also presented in (a2,b2), (a3,b3), and (a4,b4),
respectively.

be described by a single linear fit with E,=0.14eV and D,= 128.5 A%/ps, indicating that there is only a
single diffusive regime in the whole temperature range up to 300K. This is in agreement with the tra-
jectories of Cgo in Fig. 1(a2—a4), which show that up to room temperature, the Cy, diffusion on the 5A
armchair-edged GNRD is through a one-dimensional thermally activated jump (hopping) mechanism.
Here, it is noted that the narrowest armchair and zigzag GNRDs used in this study had the width of
~5A and ~4 A, respectively. Our analysis of the trajectory of Cg, admolecule on the 4 A zigzag GNRD
indicates that at temperatures lower than 200K, the admolecule also performs a one-dimensional jump
mechanism. However, the 4 A zigzag GNRD cannot confine the admolecule at 200K and above.

In the case of the GNRDs wider than the admolecule diameter, Fig. 3(b) shows the Arrhenius anal-
ysis of D for the armchair- and zigzag-edged GNRDs with the width of ~20A (as shown in Fig. 1(b)
and Fig. 2). Figure 3(b) clearly shows that the values of D for both armchair- and zigzag-edged GNRDs
deviate from a single linear fit in the temperature range of 50K to 300K. Indeed, D is found to follow
two Arrhenius relations for both the zigzag- and armchair-edged GNRDs. The corresponding values of
D, and E, for these two systems are summarized in Table 1. The change in the Arrhenius relation can be
explained by the transition of the surface diffusion regime from the hopping mechanism along a single
edge at the lower temperatures to the quasi-continuous Brownian motion along both edges at high tem-
peratures. Here, it is worth noting that according to Fig. 3(b), two Arrhenius relations also exist for the
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Figure 2. Trajectories of the Cq, admolecule centre of mass on the zigzag-edged GNRD with a width of
about 20 A at temperatures of (a) 100K, (b) 200K, and (c) 300K.
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Figure 3. The Arrhenius analysis of the surface diffusion coefficient, D, of the C4, admolecule on the
GNRDs. (a) The analysis on the 5 A armchair-edged GNRD indicates only one regime of surface diffusion
(i.e. one-dimensional hopping) up to 300K. For the comparison of the molecular mobility, the values of

D on the pristine graphene are also plotted here. (b) The Arrhenius analysis of D on the armchair- and
zigzag-edged GNRDs with the widths of ~20 A indicates that in the temperature range of up to 300K, these
systems show two regimes of diffusion: hopping motion (jumping) along one of the two edges at the lower
temperatures, and a Brownian motion along both edges at higher temperatures. The corresponding prefactor
and activation energies of these regimes are given in Table 1. The values of D on the pristine graphene are
also plotted in (b) showing a transition at about 75K between two regimes of Brownian motion”®.

diffusion on pristine graphene, corresponding to two Brownian regimes with different kinetic friction
mechanisms in this system”?.

To understand the physics behind the scene of edge effects on the motion of the Cq, admolecule on
GNRDs, we further investigate the potential energy surface (PES) of the C4/GNRD system. Figure 4
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Figure 4. Potential energy surface (PES) of the Cy, on (a) the 5A armchair-edged GNRD, and (b) the 4A
zigzag-edged GNRD. (c,d) The energy profiles along the central line (y=0) of the GNRDs in (a,b)
respectively. (e,f) The PES of the Cg, on the GNRD with a width of about 20 A and different edge types:

(e) armchair, and (f) zigzag. In (e,f), due to the symmetry of the systems in the y direction (perpendicular to
the edges), only half of the PES is presented, that is, 0 < y < w/2.

shows the PES contour plots of the Cy, on the armchair- and zigzag-edged GNRDs. In this figure, the
horizontal axis (x direction) represents the position of the C4y COM parallel to the GNRD edge and the
axis origin is an arbitrary point along the GNRD. The vertical axis (y direction) represents the position of
the Cqy COM perpendicular to the edge of the GNRD and the axis origin is located at the centre of the
GNRD with an equal distance from both edges. The colour spectrum of the contour plots represents the
level of potential energy of the system with deep-blue for the lowest energy level and red for the highest
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Nanoroad Edge Type | D, (A%/ps) E, (eV) | Temperature range (K)
11.1 0.03 T <150
Armchair (Arm.)
384.46 0.076 T>150
25.27 0.02 T<125
Zigzag (Z27)
424.11 0.05 T>125

Table 1. The Arrhenius parameters for different diffusive regimes and their corresponding temperature
ranges on both armchair- and zigzag-edged GNRDs with a width of about 20 A.

energy level. Figure 4(a,b) show the PES for the armchair- and zigzag-edged GNRDs with the width
of 5A and 4A, respectively. The corresponding energy profiles along the central line (y=0) of these
nanoroads are shown in Fig. 4(c,d). It can be seen that for the GNRDs narrower than the Cy, diameter,
the adsorption sites are along the centre of the nanoroad, providing a one-dimensional pathway for the
hopping mechanism between these sites. Figure 4(c) shows that the depth of the adsorption sites along
5A armchair nanoroad is about 0.15eV, which is in good agreement with E,= 0.14eV obtained from the
Arrhenius analysis of this system as shown in Fig. 3(a) and the one-dimensional hopping trajectory as
shown in Fig. 1(a2). Figure 4(c,d) also demonstrate that the adsorption sites along the armchair-edged
GNRD are deeper and more separated from each other than those along the zigzag-edged GNRD. This
finding explains the slower molecular motion along the armchair-edged nanoroad. Furthermore, a com-
parison between Fig. 4(a,b) reveals that the height of energy barrier at the edges of the 4 A zigzag nano-
road is ~0.1eV, which is smaller than the height of the energy barrier at the edges of 5A armchair
nanoroad, which is ~0.3eV (see the energy scales in these figures). Hence, in contrast with the 4 A zigzag
GNRD, the 5A armchair nanoroad confines the molecular motion of the Cg, in the whole temperature
range of this study up to the room temperature.

Figure 4(e,f) show the PES for the armchair- and zigzag-edged GNRDs, respectively, where the nano-
road width (~20 A) is larger than the admolecule diameter. Due to the symmetry of these systems in the
y direction, only half of the PES, that is, 0 < y < w/2, is presented. Figure 4(e,f) show that in both
armchair- and zigzag-edged GNRDs, there is a high energy barrier (almost the same height) at the
GNRD edge (red and orange), which prevents the Cq, from escaping from the GNRDs. These figures also
show that near the GNRD edge, there is a channel (deep-blue) with the lowest potential energy and the
maximal depth is in the order of 30 meV. Consequently, at low temperatures, the Cy, admolecule tends
to stay in this channel and diffuses close to the GNRD edge as can be seen in the trajectories of Fig. 1(b2)
and Fig. 2(a). While the Cg, admolecule diffuses along this low energy channel, it interacts with the
potential energy corrugations at the edge of the GNRD, leading to the hopping motion only along one
of the GNRD edges at lower temperatures. Clearly, the profile of the PES at the GNRD edges controls
the dynamics of the Cg, diffusion.

A comparison between the PES of the armchair-edged and zigzag-edged GNRDs (Fig. 4(e,f), respec-
tively) indicates that the adsorption sites along the armchair edge are more separated from each other
than that along the zigzag edge. As a result, the C4 admolecule can hop between the adjacent sites
more easily along the zigzag edge than along the armchair edge. This is consistent with the difference
in the trajectory of the Cq, admolecule between the zigzag-edged (see Fig. 2(a)) and armchair-edged
GNRD (see Fig. 1(b1)). This also explains the higher diffusion coefficient of the Cy, admolecule along the
zigzag-edged GNRD, especially at lower temperatures where the GNRD edge has more important effect
on the molecular mobility (see Fig. 3(b)). By increasing the temperature, the Cy, admolecule has a higher
thermal energy to overcome the energy barrier of the adsorption sites and performs a quasi-continuous
Brownian motion along the edge.

We further examine the diffusivity of the Cy, admolecule on the GNRD as a function of its width, w.
The variation of diffusion coefficient, D, as a function of w is plotted in Fig. 5(a,b) at different temper-
atures for the armchair- and zigzag-edged GNRD, respectively. Here, we recall that in our simulations,
the 4 A zigzag GNRD cannot confine the admolecule at 200 K and above. Hence, there is no data for the
D values at 200K and 300K for this nanoroad. Moreover, Fig. 5 shows that once the width of the GNRD
exceeds 10 A (which is wider than the diameter of the Cy, admolecule), the value of D reaches a plateau.
This is due to the fact that the edges of the wide GNRDs control the molecular mobility. Our above results
clearly show that the molecular mobility on GNRDs is both edge type- and temperature-dependent.

Production of high-quality and large-area graphene®**! together with advanced lithographic technol-
ogies have made the fabrication of complex hydrogenated graphene structures possible?®. In the present
work, we showed that such hybrid structures can be used as molecular conveyor highways. Hence, our
findings shed light on the possible means to precisely control the molecular mobility. Moreover, the
GNRDs studied here are promising for confining and ‘wiring’ the physisorbed molecules into com-
plicated molecular circuits, which is an active research area in nanoelectronics®?, and other nanoelec-
tromechanical systems (NEMs), such as molecular sensors®***, photovoltaic devices®, and data storage
systems™.
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Figure 5. Diffusion coefficient, D, of the Cq, admolecule as a function of the GNRD width, w, along
(a) armchair-, and (b) zigzag-edged GNRDs.

Summary

In summary, we employed molecular dynamics simulations to investigate the feasibility of “nanoroad”,
a pristine graphene strip embedded between the two graphane (fully hydrogenated graphene) domains,
as a molecular conveyor highway. Our results showed that the motion of a prototypical physisorbed Cg,
admolecule can be confined on the GNRDs. When the GNRD is wider than the diameter of the Cq,
admolecule, the Cg, only moves along one of the GNRD edges at low temperatures. With increasing
the temperature (approximately at 125K for the zigzag- and 150K for the armchair-edged GNRD), the
Cqo admolecule is able to shuffle between two edges. Furthermore, when the GNRD width is narrower
than the admolecule diameter, the admolecule performs one-dimensional hopping motion along the
nanoroad. We further showed that the edge type plays an important role in the molecular mobility, and
the admolecule motion on the zigzag-edged nanoroads is faster than on the armchair-edged nanoroads.
With increasing the width beyond the diameter of the Cq, admolecule, the molecular mobility reaches
a plateau with the magnitude of the zigzag-edged GNRD being higher than that of the armchair-edged
GNRD. Recently, the hybrid graphene superlattices via hydrogenation have been experimentally real-
ized. Hence, our findings here provide a practical guideline for experimentalists to fabricate nanoscale
highways.

Methods and Model

We performed molecular dynamics (MD) simulations using Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS)*” and the Adaptive Intermolecular Reactive Empirical Bond Order
(AIREBO) potential®®. AIREBO is one of the most successful potentials applied to model both chemi-
cal reactions and intermolecular interactions in hydrocarbon systems and graphene based materials®.
Here, it should be noted that the adsorption of Cg, on graphene and graphane surfaces is through the
van der Waals interactions. In AIREBO, these interactions are parameterized using the Lennard-Jones
(LJ) formulation and a cutoff distance of 10.2 A. The AIREBO has been successfully used to predict the
graphite interlayer separation of 3.354 A, as well as the adsorption energy of Cq, on graphene, in agree-
ment with experiments and first-principles calculations (~0.8eV)3&41.

Our computational model consists of a single Cq, admolecule on graphene nanoroads with the var-
iation of width, w, up to ~20A and also edge type, that is, zigzag or armchair. The simulations were
run at the temperature range of 50K to 300K (room temperature). GNRDs were constructed via partial
hydrogenation of a graphene sheet in a patterned manner so that the graphene road with the desired
width was embedded between two graphane (fully hydrogenated graphene) domains as shown in Fig. 1
and explained in Ref. 27. It should be noted that there are two possibilities of graphane according to the
configuration of the hydrogen atoms: chair- and boat-like configurations®’. In this work, we used the
chair-like configuration because, energetically, it is more stable®2.

Periodic boundary conditions (PBCs) were applied along the in-plane directions of the simulation
cell. The PBC along the GNRD length (x direction) represents an infinitely long nanoroad. The Cg,
admolecule was initially positioned at the centre of each GNRD (equal distance from its edges) and at
the equilibrium distance (about 3.1 A) on top of the substrates in such a way that one of its hexagon faces
was oriented parallel to the hexagons of the GNRD. Figure 1(al,bl) show the initial configurations of the
Cgo admolecule on the armchair-edged GNRDs with widths of 5A and 20 A, respectively. The hydrogen
atoms are denoted by blue circles, and the graphene honeycomb structure is denoted in green.
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To compare the surface diffusion of C4, on GNRDs with that of Cg, on infinite graphene, a series
of simulations were performed for the Cqy/graphene system in the same way as the previous works’™’.
At the beginning of each simulation, we performed energy minimization using Polak-Ribiere conjugate
gradient (CG) method as implemented in LAMMPS package. After energy minimization, the velocities
of the atoms in the system were assigned with the desired temperature following the Maxwell-Boltzmann
distribution in such a way that no initial aggregated angular and linear momenta were imposed to the
system. The microcanonical ensemble was employed for the simulations. The time step of the Verlet algo-
rithm to integrate the equations of motion was 1 fs. Each trajectory calculation was started with a 100 ps
thermal equilibration. Then we run the simulations for up to 20 ns to extract the data for further analysis.

The trajectories of the Cq;, COM on the GNRDs were obtained from the MD simulations. At a suf-
ficiently long-time scale, the component of mean square displacement of the C¢; COM parallel to the
GNRD edge, MSD, scales linearly with time and the corresponding diffusion coeflicient, D, can be
obtained as a measure for molecular mobility using the best linear fit according to:

MSD = <Ar’(t)> = 2Dt, (2)

where, Ar is the admolecule COM displacement parallel to the GNR edge, ¢ is time, and <.> denotes

the ensemble or time averaging®>~*.

References
1. Kawai, S. et al. Atom manipulation on an insulating surface at room temperature. Nat. Commun. 5:4403, 1-7 (2014).
2. Barth, J. V,, Costantini, G. & Kern, K. Engineering atomic and molecular nanostructures at surfaces. Nature 437, 671-679 (2005).
3. Wang, J. & Feringa, B. L. Dynamic Control of Chiral Space in a Catalytic Asymmetric Reaction Using a Molecular Motor. Science
331, 1429-1432 (2011).
4. Coskun, A. et al. High hopes: can molecular electronics realise its potential? Chem. Soc. Rev. 41, 4827-4859 (2012).
5. Li, Z., Barnes, J. C., Bosoy, A, Stoddart, J. F. & Zink, J. I. Mesoporous silica nanoparticles in biomedical applications. Chem. Soc.
Rev. 41, 2590-2605 (2012).
6. Jilicher, E, Ajdari, A. & Prost, ]. Modeling molecular motors. Reviews of Modern Physics 69, 1269-1281 (1997).
7. Jafary-Zadeh, M., Reddy, C. D., Sorkin, V. & Zhang, Y.-W. Kinetic nanofriction: a mechanism transition from quasi-continuous
to ballistic-like Brownian regime. Nanoscale Res. Lett. 7(1), 1-8 (2012).
8. Jafary-Zadeh, M., Reddy, C. D. & Zhang, Y.-W. Effect of temperature on Kinetic nanofriction of a Brownian adparticle. Chem.
Phys. Lett. 570, 70-74 (2013).
9. Jafary-Zadeh, M., Reddy, C. D. & Zhang, Y.-W. Effect of Rotational Degrees of Freedom on Molecular Mobility. J. Phys. Chem.
C 117, 6800-6806 (2013).

10. Regan, B., Aloni, S, Ritchie, R., Dahmen, U. & Zettl, A. Carbon nanotubes as nanoscale mass conveyors. Nature 428, 924-927
(2004).

11. Barreiro, A. et al. Subnanometer Motion of Cargoes Driven by Thermal Gradients Along Carbon Nanotubes. Science 320,
775-778 (2008).

12. Kral, P. & Tomének, D. Laser-Driven Atomic Pump. Phys. Rev. Lett. 82, 5373-5376 (1999).

13. Martin, C. R. & Kohli, P. The emerging field of nanotube biotechnology. Nat Rev Drug Discov 2, 29-37 (2003).

14. Svensson, K., Olin, H. & Olsson, E. Nanopipettes for Metal Transport. Phys. Rev. Lett. 93(14):145901, 1-4 (2004).

15. Barreiro, A., Rurali, R., Hernandez, E. R. & Bachtold, A. Structured Graphene Devices for Mass Transport. Small 7, 775-780
(2011).

16. Solenov, D. & Velizhanin, K. A. Adsorbate Transport on Graphene by Electromigration. Phys. Rev. Lett. 109(9):095504, 1-5
(2012).

17. Liu, L., Zhang, L., Sun, Z. & Xi, G. Graphene nanoribbon-guided fluid channel: a fast transporter of nanofluids. Nanoscale 4,
6279-6283 (2012).

18. Jafary-Zadeh, M., Reddy, C. D. & Zhang, Y.-W. Molecular mobility on graphene nanoribbons. Physical Chemistry Chemical
Physics 16, 2129-2135 (2014).

19. Feng, J. et al. Patterning of graphene. Nanoscale 4, 4883-4899 (2012).

20. Sofo, J. O. et al. Electrical control of the chemical bonding of fluorine on graphene. Phys. Rev. B 83(8): 081411, 1-4 (2011).

21. Khazaei, M., Bahramy, M. S., Ranjbar, A., Mizuseki, H. & Kawazoe, Y. Geometrical indications of adsorbed hydrogen atoms on
graphite producing star and ellipsoidal like features in scanning tunneling microscopy images: Ab initio study. Carbon 47,
3306-3312 (2009).

22. Ranjbar, A., Bahramy, M. S., Khazaei, M., Mizuseki, H. & Kawazoe, Y. First-principles study of structural stability, magnetism,
and hyperfine coupling in hydrogen clusters adsorbed on graphene. Phys. Rev. B 82(16):165446, 1-10 (2010).

23. Pei, Q. X,, Zhang, Y. W. & Shenoy, V. B. A molecular dynamics study of the mechanical properties of hydrogen functionalized
graphene. Carbon 48, 898-904 (2010).

24. Pei, Q-X,, Sha, Z.-D. & Zhang, Y.-W. A theoretical analysis of the thermal conductivity of hydrogenated graphene. Carbon 49,
4752-4759 (2011).

25. Reddy, C. D., Zhang, Y.-W. & Shenoy, V. B. Patterned graphone—a novel template for molecular packing. Nanotechnology 23(16):
165303, 1-5 (2012).

26. Jafary-Zadeh, M., Reddy, C. D. & Zhang, Y.-W. A chemical route to control molecular mobility on graphene. Phys. Chem. Chem.
Phys. 14, 10533-10539 (2012).

27. Singh, A. K. & Yakobson, B. I. Electronics and magnetism of patterned graphene nanoroads. Nano Lett. 9, 1540-1543 (2009).

28. Sun, Z. et al. Towards hybrid superlattices in graphene. Nat. Commun. 2:559, 1-5 (2011).

29. Liu, S., Lu, Y.-J., Kappes, M. M. & Ibers, J. A. The Structure of the C4 Molecule: X-Ray Crystal Structure Determination of a
Twin at 110 K. Science 254, 408-410 (1991).

30. Choucair, M., Thordarson, P. & Stride, J. A. Gram-scale production of graphene based on solvothermal synthesis and sonication.
Nat. Nanotechnol. 4, 30-33 (2008).

31. Tung, V. C., Allen, M. J,, Yang, Y. & Kaner, R. B. High-throughput solution processing of large-scale graphene. Nat. Nanotechnol.
4, 25-29 (2008).

32. Lortscher, E. Wiring molecules into circuits. Nat. Nanotechnol. 8, 381-384 (2013).

33. Shao, Y. et al. Graphene Based Electrochemical Sensors and Biosensors: A Review. Electroanal. 22, 1027-1036 (2010).

SCIENTIFIC REPORTS | 5:12848 | DOI: 10.1038/srep12848 8



www.nature.com/scientificreports/

34. Dong, X. et al. A graphene nanoribbon network and its biosensing application. Nanoscale 3, 5156-5160 (2011).

35. Yu, D, Park, K., Durstock, M. & Dai, L. Fullerene-grafted graphene for efficient bulk heterojunction polymer photovoltaic
devices. J. Phys. Chem. Lett. 2, 1113-1118 (2011).

36. Begtrup, G., Gannett, W., Yuzvinsky, T., Crespi, V. & Zettl, A. Nanoscale reversible mass transport for archival memory. Nano
Lett. 9, 1835-1838 (2009).

37. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. Phys. 117, 1-19 (1995).

38. Stuart, S. J., Tutein, A. B. & Harrison, J. A. A reactive potential for hydrocarbons with intermolecular interactions. J. Chem. Phys.
112, 6472-6486 (2000).

39. Xu, Z. & Buehler, M. J. Geometry Controls Conformation of Graphene Sheets: Membranes, Ribbons, and Scrolls. ACS Nano 4,
3869-3876 (2010).

40. Sha, Z. D. et al. On the failure load and mechanism of polycrystalline graphene by nanoindentation. Sci. Rep. 4:7437, 1-6 (2014).

41. Berland, K. & Hyldgaard, P. Analysis of van der Waals density functional components: Binding and corrugation of benzene and
C 60 on boron nitride and graphene. Phys. Rev. B 87: 205421, 1-15 (2013).

42. Sofo, J. O., Chaudhari, A. S. & Barber, G. D. Graphane: A two-dimensional hydrocarbon. Phys. Rev. B 75(15):153401, 1-4 (2007).

43. Frenkel, D. & Smit, B. Understanding Molecular Simulation: From Algorithms to Applications. Vol. 1 (Academic Press, 2002).

44. Prasad, M. & Sinno, T. Internally consistent approach for modeling solid-state aggregation. I.Atomistic calculations of vacancy
clustering in silicon. Phys. Rev. B 68(4):045206, 1-12 (2003).

45. Jellinek, J., Beck, T. L. & Berry, R. S. Solid-liquid phase changes in simulated isoenergetic Ar,s. J. Chem. Phys. 84, 2783-2794
(1986).

Acknowledgements

The authors gratefully acknowledge the financial support from the Agency for Science, Technology
and Research (A*STAR), Singapore and the use of computing resources at the A*STAR Computational
Resource Centre, Singapore. M.J.Z. thanks to Dr. Reddy Chilla Damodara and Dr. Viacheslav Sorkin for
their constructive discussions.

Author Contributions
M.].Z. performed the molecular dynamics simulations and analysed the results. Both authors contributed
to the discussions, writing and revising the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Jafary-Zadeh, M. and Zhang, Y.-W. Molecular mobility on graphene
nanoroads. Sci. Rep. 5, 12848; doi: 10.1038/srep12848 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oM images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:12848 | DOI: 10.1038/srep12848 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Molecular mobility on graphene nanoroads
	Introduction
	Results and Discussion
	Summary
	Methods and Model
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Molecular mobility on graphene nanoroads
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12848
            
         
          
             
                Mehdi Jafary-Zadeh
                Yong-Wei Zhang
            
         
          doi:10.1038/srep12848
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep12848
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep12848
            
         
      
       
          
          
          
             
                doi:10.1038/srep12848
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12848
            
         
          
          
      
       
       
          True
      
   




