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Surface diffusion of n-alkanes: Mechanism and anomalous behavior
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Abstract

In this Letter, we investigate, using molecular dynamics simulations, the diffusion of n-octane and n-tetradecane on a graphite surface
at 300 K under incomplete coverage condition. For both molecules, we observe that the lateral diffusion coefficient exhibits a K-shape
anomaly with surface coverage i.e., the diffusion coefficient increases with the increase in surface coverage until a critical surface cover-
age, beyond which the diffusion coefficient decreases. Moreover, for low surface coverages, the longer n-tetradecane molecule moves fas-
ter compared to the shorter n-octane molecule and for high surface coverages, the n-octane molecule moves faster. We develop a new
theory to understand the surface diffusion of n-alkanes and show that D � r2

ee

NpsR
.

� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Diffusion of liquids on solid substrates has been a focus
of significant interest for many years not only because of
the numerous applications that rely on this physical phe-
nomena (e.g. nanotribology and wetting/dewetting of com-
plex and functional surfaces [1,2]) but also because of its
scientific importance [3]. The emerging area of nanofluidic
sciences, where the concentration of the sample can be sig-
nificantly smaller, requires a detailed understanding of the
surface diffusion of liquids when the surface coverage is less
than a monolayer (referred to as incomplete coverage) [4].
When the surface is incompletely covered, the molecular
motion of the liquid can be dramatically different from
its bulk counterpart. For example, Zhao and Granick
[5,6] observed that the surface diffusion of long polyethyl-
ene glycol (PEG) chains exhibits a nonmonotonic depen-
dence i.e., the surface diffusion increases with increasing
surface concentration, and then decreases abruptly.
However, the molecular mechanisms governing the surface
diffusion are not clear [7]. In spite of their simple structure,
n-alkanes can capture the essential features of complex and
practical chains, and hence, have been used extensively to
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investigate various properties of complex chains. Xia
et al. [8] simulated n-hexadecane films adsorbed on a
Au(001) surface using molecular dynamics and observed
that the lateral diffusion is augmented significantly with
the reduction in film thickness.

In this Letter, by performing extensive molecular
dynamics simulations on the diffusion of n-alkanes as a
function of surface coverage, we explain in detail the mech-
anism governing the surface diffusion of short and long
chain molecules and, more interestingly, report for the first
time that n-alkanes exhibit anomalous diffusion for low
surface coverage.
2. Method

We have used molecular dynamics simulations to inves-
tigate the diffusion of n-alkanes on a graphite surface under
incomplete coverage condition (see Fig. 1). Two typical n-
alkanes – n-octane (n-C8H18) and n-tetradecane (n-C14H30)
were considered. Both are short enough to ignore the
entanglement effects [8]. An n-alkane molecule was mod-
eled as an united atom (UA) chain [9], in which each meth-
ylene (CH2) and methyl (CH3) group is represented as a
single interacting segment with different mass. Both bend-
ing and torsion were included with fixed bonding distance
while each segment was modeled as Lennard-Jones (LJ)
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(a) Γ = Γcrit (0.0259 mg/m2)

(b) Γ = Γfull (0.354 mg/m2)
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Fig. 1. Molecular visualization of n-alkane molecules on a graphite surface for incomplete surface coverage: (a) C = Ccrit, the maximum diffusion is
observed; (b) C = Cfull, the surface is fully covered by n-alkane molecules; (c) density plots (z-axis is perpendicular to the plate). A second layer starts to
form for C = Cfull. The snapshot was rendered using VMD [20].
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particles [9]. The LJ interaction was not considered for the
segments which are connected by less than four bonds. The
carbon atoms in the graphite surface were modeled as fro-
Table 1
Lennard-Jones parameters

Pair r (nm) � (kJ/mol) Ref.

CH3–CH3 0.3930 0.9478 [9]
CH2–CH2 0.3930 0.4148 [9]
C–C 0.3390 0.2897 [10]
zen LJ particles [10]. The Lennard-Jones parameters are
summarized in Table 1. The parameters for different kinds
of segments/atoms were calculated by using the linear com-
bination rule.

For each chain molecule, various surface coverages
(denoted by C) ranging from C = 4.97 · 10�4 mg/m2 to
C = 0.355 mg/m2 were considered. The surface coverage
was measured as the ratio of the total mass of the chain
molecules to the graphite surface area. Table 2 summarizes
the various cases considered in this study. The smallest
surface coverage (4.97 · 10�4 mg/m2 for n-octane and



Table 2
Surface coverage conditions considered in this study

n-Octane n-Tetradecane

#. mols. C (mg/m2) #. mols. C (mg/m2)

1 4.97 · 10�4 1 8.64 · 10�4

8 3.98 · 10�3 5 4.32 · 10�3

13 6.47 · 10�3 8 6.91 · 10�3

26 0.0129 15 0.0130
52 0.0259 30 0.0259
139 0.0691 80 0.0691
278 0.138 160 0.138
156a 0.288 89a 0.288
192a 0.354 111a 0.355

The area of graphite surface in MD simulations is A = 381.38 nm2 except
for the two highest surface coverage cases.

a Graphite surface area A = 102.91 nm2.
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8.64 · 10�4 mg/m2 for n-tetradecane) corresponds to the
case of a single molecule on the graphite surface. For both
n-alkanes, the graphite surface is completely covered for
Cfull = 0.355 mg/m2. Beyond this coverage, a second layer
starts to form (see Fig. 1c).

Simulations were performed using modified GROMACS

3.2.1 [11] in an NVT ensemble. The graphite surface con-
sists of three graphene layers and its dimension was
19.88 nm · 19.184 nm (xy-plane) when C is less than
0.014 mg/m2 and 10.082 nm · 10.207 nm for the cases
where C is larger than 0.014 mg/m2. A purely reflecting
wall was located far from the first graphene layer (at
z = 40.0 nm) to prevent the escape of molecules. Periodic
boundary conditions were assigned along x- and y-direc-
tions. In the z-direction, an extra empty space of 10 nm
was placed on top of the reflecting wall to eliminate inter-
action between replicated images. All simulations were
equilibrated for 2 ns. The sampling period was 10 ns. The
LINCS algorithm [12] was used to maintain the molecular
shape of n-alkanes. The Nosé-Hoover thermostat [13,14]
with time constant of 1.0 ps was used to maintain the sys-
tem temperature at 300 K. The equation of motion was
integrated by using the leapfrog algorithm with a time step
of 2.0 fs.

3. Results and discussion

Fig. 2 shows the lateral diffusion coefficient for various
surface coverages. Diffusion of the liquid perpendicular
to the solid surface (z-direction) is negligible (D^ �
10�12 m2/s), so we do not investigate it any further in this
Letter. Lateral diffusion coefficient was computed from
the mean-squared displacement of the center-of-mass of
the molecule, i.e.,

D ¼ lim
t!1

hjRCMðtÞ � RCMð0Þj2i
4t

: ð1Þ

where RCM is the (x,y)-position of the center-of-mass of the
molecule. Throughout this Letter, the diffusion coefficient
refers to the lateral diffusion coefficient unless specified,
otherwise. From the figure, we make two key observations:
(1) regardless of the molecule type, the diffusion coefficient
gradually increases with the decrease in surface coverage
until it reaches a critical surface coverage (Ccrit =
0.026 mg/m2, Ccrit/Cfull = 0.073) and then starts to decrease
with a further decrease in the surface coverage (this is re-
ferred to as K-shape) (2) n-octane (shorter chain) moves
faster for high surface coverages while n-tetradecane (long-
er chain) moves faster in the low coverage limit (see the in-
set in Fig. 2a). The fast diffusion of longer n-tetradecane
compared to the shorter n-octane is a surprising anomalous
behavior compared to the bulk case. From Fig. 2b, which
shows the variation of the diffusion coefficient with the
number of molecules, we can observe more clearly the fast
diffusion of the longer n-alkane for fewer number of mole-
cules on the surface. The maximum diffusion coefficient of
the n-alkanes (1.125 · 10�7 m2/s for n-octane and
8.867 · 10�8 m2/s for n-tetradecane) are over 30 times lar-
ger than their bulk values (3.36 · 10�9 m2/s for n-octane
and 1.83 · 10�9 m2/s for n-tetradecane). The n-octane diffu-
sion coefficient for C = Cfull is 6.56 (±0.04) · 10�9 m2/s,
which is about an order of magnitude higher than the re-
ported value of D = 0.57 · 10�9 m2/s for 1.3 monolayers
coverage of liquid n-octane adsorbed on a-Al2O3(0001)
at 300 K. This is because a-Al2O3(00 01) has a stronger
interaction with n-alkane [15].

Previous studies also reported the K-shape anomaly in
surface diffusion of a flexible polymer (polyethylene glycol,
PEG) using experiments [5,6] and MD simulations [7]. The
maximum diffusion coefficient was observed to be at the
onset of full coverage where the molecular conformation
changes from pancake to loop-train-tail. However, in the
present study the maximum diffusion coefficient was
observed when the surface coverage was 7.3% (Ccrit/
Cfull = 0.073) regardless of the molecule type. This implies
that the physical mechanism governing the K-shape anom-
aly could be different. Furthermore, the loop-train-tail con-
formation is not typically observed in n-alkanes due to
their high rigidity. Considering the above results and dis-
cussion, in the rest of this letter we focus on two questions:
(1) what is the molecular mechanism governing the K-
shape anomaly of surface diffusion of n-alkanes? (2) why
does the longer n-tetradecane move faster than the shorter
n-octane for low surface coverage? To elucidate the physi-
cal mechanisms underlying these observations, we exploit
the well-known relation between translational and rota-
tional motion of chain molecules [16,17] for bulk systems
and extend it to the surface diffusion case.

For a concentrated solution of rod-like molecules, the
(global) rotational relaxation time of a molecule, sR, is
related to its translational diffusion coefficient, Dbulk, by
the expression [16],

Dbulk �
r2

ee

sR
; ð2Þ

where ree is the end-to-end distance of the molecule and by
approximating n-alkanes as Rouse chains, sR is computed
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Fig. 2. Variation of the lateral diffusion coefficient with surface coverage: (a) plot based on mass surface coverage (inset) the magnified plot for
C < 0.03 mg/m2, y-axis is in log-scale and the error-bars are omitted; (b) plot based on the number of molecules per area A = 381.38 nm2.
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from the longest relaxation mode of the chain [18],
hheeðtÞheeð0Þi

h2
eeð0Þ

¼ exp � t
sR

� �
, where hee(t) is the angle between

the end-to-end vector and a reference axis (e.g. the x-axis).
Since both n-octane (aspect ratio �90) and n-tetradecane
(aspect ratio �85) are prolate enough to be considered as
rod-like molecules, we expect the scaling relation in Eq.
(2) to hold for bulk chains. Using MD simulations for bulk
chains, we computed (ree, sR) = (0.75 nm, 16.12 ps) for n-
octane and (ree, sR) = (1.23 nm, 60.5 ps) for n-tetradecane.
Accordingly, r2

ee=sR is 0.0432 for n-octane and 0.0247 for n-
tetradecane and their ratio (n-octane to n-tetradecane) is
1.78. This value is quite comparable to the ratio of the dif-
fusion coefficients, 1.84. The length effects ðr2

eeÞ are bal-
anced by sR and as a result the longer n-tetradecane
moves slower than n-octane in bulk solutions. In the case
of surface diffusion, the molecules are subjected to an addi-
tional topological constraint imposed by their interaction
with the graphite surface and, hence, their motions are sim-
ilar to reptation (see Fig. 1). To account for this, we modify
Eq. (2) by replacing sR with the reptation time, srep, i.e.,
D � r2

ee=srep. Considering the simple relation for the Rouse
chain, srep = NsR, where N is the number of the segments,
and r2

ee ¼ Nb2 for freely jointed chain molecules, where b is
the effective bond length (Kuhn length) [17,18], the scaling
law for the diffusion of n-alkanes on a solid surface for
incomplete coverage cases can be written as

D � r2
ee

NsR
: ð3Þ

In our calculations, we observed that while the scaling
law given in Eq. (3) can reasonably explain the trend in
the diffusion coefficient shown in Fig. 2, a generalized scal-
ing law of the form

D � r2
ee

NpsR
ð4Þ

with p = 1.5 can better explain the faster diffusion of n-
tetradecane over n-octane for low surface coverage com-
pared to that of Eq. (3) where p = 1.0. Physically, Eq. (4)
states that the diffusion coefficient of chain molecules on
a solid surface depends on molecule–molecule interactions
ðr2
ee=sRÞ and molecule–surface interactions (1/NpsR). From

Eqs. (2) and (4), it follows that D � Dbulk/Np.
To demonstrate the scaling law given in Eq. (4), Fig. 3

shows r2
ee=N 1:5sR and 1/sR of n-alkanes for various surface

coverages. Fig. 3 a and b confirm that r2
ee=N 1:5sR is a good

scaling for the present case, which reveals most of the impor-
tant features shown in Fig. 2, i.e., the maximum happens at
C = C crit = 0.026 mg/m2 and for the high surface coverage
(C P Ccrit) n-octane moves faster while for the low surface
coverage n-tetradecane moves faster. The simple scaling
law of D � 1/sR can also capture the essential features (see
Fig. 3c and d), but the difference between the diffusion of
n-octane and n-tetradecane for low coverage cases is not
as significant compared to the MD data. Thus, r2

ee and Np

provide the necessary correction to the simple 1/sR scaling
law so that the ratio of the n-octane to the n-tetradecane dif-
fusion coefficients is closer to the ratio obtained from MD.
Further, the ratio of the n-octane to the n-tetradecane diffu-
sion coefficient predicted by Eq. (4) for most of the surface
coverages considered here is closer to the corresponding
ratio from MD data suggesting that p = 1.5 performs better
compared to p = 1.0. It is, however, important to note that
more extensive studies are needed to fully understand the
value of p and the generalized scaling law shown in Eq. (4).

From the above discussion and observations of Figs. 2
and 3, we can conclude that the K-shaped anomaly in the
diffusion coefficient is mainly dominated by sR and r2

ee

and Np are the necessary corrections to obtain a proper
scaling law. The second question on faster movement of
longer n-tetradecane compared to shorter n-octane for
low surface coverages can be understood by understanding
the faster rotational relaxation time of n-tetradecane com-
pared to n-octane.

The rotational motion of a molecule can be understood
further by considering three interactions: (1) intramolecu-
lar, (2) intermolecular, and (3) molecule–surface interac-
tions. Molecule-surface interactions were examined by
computing the average distance of CH3 and CH2 (denoted
by dCH3

and dCH2
) from the graphite surface. We considered

two extreme cases – a single molecule (representing a low
surface coverage) over a graphite surface and a fully cov-



Surface coverage, Γ (mg/m2)

1/
τ R

(p
s-1

)

0 0.1 0.2 0.3
10-3

10-2

10-1

100

n-octane
n-tetradecane

(c)

Surface coverage, Γ (mg/m2)
0 0.01 0.02 0.03

n-octane
n-tetradecane

(d)

Surface coverage, Γ (mg/m2)
0 0.01 0.02 0.03

n-octane
n-tetradecane

(b)

Surface coverage, Γ (mg/m2)

r2 ee
/N

1.
5

τ R
(x

10
-9

m
2 /s

)

0 0.1 0.2 0.3

10-1

100

101

n-octane
n-tetradecane

(a)

Fig. 3. Variation of r2
ee=N 1:5sR and 1/sR with surface coverage; (a) r2

ee=N 1:5sR; (b) magnified r2
ee=N 1:5sR for C < 0.03 mg/m2; (c) 1/sR; (d) magnified 1/sR for

C < 0.03 mg/m2.

314 J.H. Park, N.R. Aluru / Chemical Physics Letters 447 (2007) 310–315
ered graphite surface (C = Cfull). For the single molecule
case, dCH3

¼ 3:840 Å and dCH2
¼ 3:906 Å for n-octane,

and dCH3
¼ 3:871 Å and dCH2

¼ 3:920 Å for n-tetradecane,
implying that the n-octane molecule interacts strongly with
the surface compared to the n-tetradecane. As a result,
the rotation of n-octane is slower compared to n-tetra-
decane. For the C = Cfull case, n-tetradecane ðdCH3

¼
4:370 Å; dCH2

¼ 3:590 ÅÞ is closer to the surface
compared to the n-octane molecule ðdCH3

¼ 5:108
Å; dCH2

¼ 3:987 ÅÞ. Hence, n-octane rotates faster com-
pared to n-tetradecane. In summary, the molecule–surface
interactions explain the fast rotation of n-tetradecane for
the low coverage case and n-octane for the high surface
coverage case. The intramolecular (bending, torsion, and
Lennard-Jones) and intermolecular (Lennard-Jones) inter-
actions were evaluated together by considering a single mol-
ecule in free space for the low coverage limit and a bulk
situation for the C = Cfull limit. For the single molecule case,
sR @ 1600 ps for n-octane and sR @ 1200 ps for n-tetrade-
cane. For the bulk case, sR @ 16.12 ps for n-octane and
sR @ 60.5 ps for n-tetradecane. These results suggest that n-
tetradecane rotates faster for the low coverage limit and n-
octane rotates faster for the fully covered limit. In summary,
both molecule–surface and inter/intra-molecular interac-
tions favor fast rotation of n-tetradecane for the low cover-
age limit and n-octane for the high surface coverage limit.
4. Conclusions

To conclude, lateral diffusion of n-alkanes on a graphite
surface exhibits a K-shape anomaly. This is in contrast to
the critical slowing of diffusion (V-shape) observed in car-
bon nanotubes [19]. Interestingly, n-tetradecane moves fas-
ter than n-octane for low surface coverage while the shorter
n-octane molecule moves faster in the high surface cover-
age. The rotational motion of molecules accounting for
inter/intramolecular and surface interactions can explain
the anomalous diffusion of n-alkanes. Finally, we also pro-
posed a scaling relation which can reasonably explain the
trend in the diffusion coefficient.
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