Chalmers Publication Library
Desorption of n-alkanes from graphene: a van der Waals density functional study

This document has been downloaded from Chalmers Publication Library (CPL). It is the author´s
version of a work that was accepted for publication in:
Journal of Physics: Condensed Matter (ISSN: 0953-8984)

Citation for the published paper:
Londero, E. ; Karlson, E. ; Landahl, M. et al. (2012) "Desorption of n-alkanes from
graphene: a van der Waals density functional study". Journal of Physics: Condensed Matter,
vol. 24(42), pp. 424212.
http://dx.doi.org/10.1088/0953-8984/24/42/424212
Downloaded from: http://publications.lib.chalmers.se/publication/165969

Notice: Changes introduced as a result of publishing processes such as copy-editing and
formatting may not be reflected in this document. For a definitive version of this work, please refer
to the published source. Please note that access to the published version might require a
subscription.

Chalmers Publication Library (CPL) offers the possibility of retrieving research publications produced at Chalmers
University of Technology. It covers all types of publications: articles, dissertations, licentiate theses, masters theses,
conference papers, reports etc. Since 2006 it is the official tool for Chalmers official publication statistics. To ensure that
Chalmers research results are disseminated as widely as possible, an Open Access Policy has been adopted.
The CPL service is administrated and maintained by Chalmers Library.

(article starts on next page)

Desorption of n-alkanes from graphene: a van der Waals density functional study
Elisa Londero, Emma K. Karlson, Marcus Landahl, Dimitri Ostrovskii, Jonatan D. Rydberg, and Elsebeth Schröder∗
Microtechnology and Nanoscience, MC2, Chalmers University of Technology, SE-412 96 Göteborg, Sweden
(Dated: July 7, 2012, Submitted to Journal of Physics: Condensed Matter)
A recent study of temperature programmed desorption (TPD) measurements of small linear alkane
molecules (n-alkanes, with formula CN H2N +2 ) from C(0001) deposited on Pt(111) shows a linear
relationship of the desorption energy with increasing n-alkane chain length N . We here present a
van der Waals density functional study of the desorption barrier energy of the ten smallest n-alkanes
(of carbon chain length N = 1 to 10) from graphene. We find linear scaling with N , including a
nonzero intercept with the energy axis, i.e., an offset at the extrapolation to N = 0. This calculated
offset is quantitatively similar to the results of the TPD measurements. From further calculations
of the polyethylene polymer we offer a suggestion for the origin of the offset.
PACS numbers: 31.15.E-,71.15.Mb,71.15.Nc

I.

INTRODUCTION

The increasing use of molecules on graphene and
graphite surfaces for industrial applications calls for
an improved atomic-scale understanding of the adsorption/desorption structure and process. The n-alkanes1
are linear chains of hydrocarbons, short versions of
the polyethylene (PE) polymer. Using temperatureprogrammed desorption (TPD) Tait et al. (Ref. 1) measured the desorption energy and desorption rate preexponential factor of n-alkanes on graphene deposited on
a Pt(111) substrate. The n-alkanes measured were short,
with the number of C atoms N ≤ 10. The desorption of
n-alkanes from graphite surfaces was also measured by
Paserba and Gellman [2–4], and from various other surfaces by a number of other groups [5], the surface materials including metals (Ag, Au, Cu, Pt, Ru), oxides
(Al2 O3 , MgO), and semiconductors (Si).
In most of the alkane desorption measurements the desorption energy was found to scale linearly with N for the
short n-alkanes, but with a non-zero intercept with the
axis of the desorption energy. The value found for this
offset at N = 0 was sometimes found to be unphysically
large, several times larger than the scaling coefficient.
In another study Tait et al. [6, 7] analyzed their own
data for n-alkane on MgO(100) desorption. They allowed
the desorption prefactor to vary with chain length and
found the desorption energy offset to be non-vanishing
but small, of the size of or smaller than the scaling
coefficient. When the same group of authors analyzed
their data of n-alkanes on Pt(111) and on graphene (and
also re-analyzed data from a number of studies by other
groups for some of the above-mentioned surfaces) they
found similar non-vanishing but small offsets for those
desorption systems.
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Linear alkane isomers without branches are called “normal” alkanes, shortened n-alkanes.

In this paper we use the first-principles van der Waals
(vdW) density-functional method [8, 9], vdW-DF, to determine the n-alkane adsorption energy on graphene at
low coverages for short alkane chains (N ≤ 10). This
adsorption energy can be compared with the experimentally determined desorption barrier energy values. As in
the experimental studies in Refs. 1, 6, and 7 we find a
close-to-linear growth in adsorption energy Ea with chain
length N , with a non-vanishing but small offset when extrapolated to N = 0
Ea = 7.23N + 6.44 [kJ/mol].

(1)

Here and below we use the term adsorption energy (Ea )
for the energy found in our theory calculations. This corresponds to the desorption energy E0 of isolated alkane
molecules on graphene. By Ed we denote the experimental desorption energy, or desorption barrier, of an alkane
molecule from partly covered graphene. In parts of the
‡
literature Ed is instead denoted ∆Edes
.
Contrary to analysis of the experiments, our calculations of the adsorption/desorption energy do not involve
an assessment of the desorption prefactor. Our values of
Ea are simply found from the differences in total energies
of the system in the adsorbed and the desorbed states.
The outline of the paper is as follows. In Section II we
describe the method of computation, including unit-cell
choices and a discussion of both effective unit-cell coverages and our handling of direct vdW interactions between the repeated images of the adsorbates. Section III
presents our results and discussions, including a discussion of the experimental analysis that permits our comparison. Section IV contains our summary.
II.

METHOD OF COMPUTATION

Our interest in the alkane desorption was sparked by
the TPD experiments of Tait et al. [1] and their analysis leading to the experimentally determined desorption
energy.
The n-alkanes are linear, saturated hydrocarbon chains
absent of branches, with the general formula CN H2N +2 ,

2
N > 0. Very long such chains (in principle infinitely
long) are known as the PE polymer. In this paper we
analyze the adsorption on graphene of the ten smallest
n-alkanes (1 ≤ N ≤ 10), of H2 , and of PE, all in the
stretched form, which is the trans conformation.

A.

Unit cell choices and code convergence

We determine the adsorption energy by use of firstprinciples density functional theory (DFT), employing
the vdW-DF method [8, 9] as detailed in several other
publications [10–12] but here with the vdW interaction
treated fully selfconsistently. We calculate the total energies of the adsorption system using the DFT program
gpaw [13, 14] with vdW-DF in a fast-Fourier-transform
implementation [15].
We first use a set of vdW-DF calculations to determine the
√ optimal lattice constants of isolated graphene,
ag = 3 a0 , with a0 = 1.43 Å. Then for each of the
adsorbed alkane molecules we determine the optimal positions of the atoms by letting the molecules relax (using vdW-DF) to minimize the Hellmann-Feynman forces.
These are derived from gradients in the self-consistently
determined electron density. We relax the positions of
the alkane atoms until the remaining force on each of
the alkane atoms is less than 0.01 eV/Å. This optimization adjusts the intramolecular bond lengths to the most
favorable value in the adsorption state. After this optimization we obtain the total energy of the adsorbatevdW-DF
graphene system, Enear
.
Figure 1 illustrates the adsorbed n-pentane molecule
on graphene, and the unit cell used in our calculations
for N = 5. We model the adsorption system by means
of an orthorhombic unit cell, periodically repeated in all
directions. Table I lists the lateral sizes, i.e., the extension in the plane of graphene, for all the unit cells used
in the vdW-DF adsorption-energy studies.
The unit cells contain sufficient space in lateral directions to limit the mutual vdW coupling [21] between the
repeated images of the n-alkane molecules. In addition,
we use a simple procedure [12, 22, 23] to ensure that the
direct vdW interactions between the adsorbate images
are exactly compensated and potential grid and noise effects are minimized. This procedure involves calculating
vdW-DF
the vdW-DF energy Efar,froz
of an intermediate state
— with the adsorbate lifted far from the graphene while
frozen in its adsorbate morphology — in the same unit
vdW-DF
cell as was used for Enear
. This calculation scheme is
motivated below.
The introduction of ∼19 Å of vacuum above the adsorbed alkane ensures that interactions across unit cell
boundaries in the direction perpendicular to graphene
vdW-DF
can be ignored in the evaluation of Enear
. With unit
cell height 23 Å the maximum possible separation is ∼11
Å. This is almost but not quite sufficient for the alkane
vdW-DF
to count as fully desorbed on a meV scale and Efar,froz
is thus affected. In the discussion section we argue that

FIG. 1: Illustration of n-pentane (N = 5) adsorbed on
graphene. One unit cell is shown including a repetition of the
graphene C atoms that are positioned on the unit cell boundary. C (H) atoms are represented by large (small) spheres.
Figure created using XCrySDen [16].

this leads to an underestimate of the adsorption energy,
by about 4.5%; we judge that this is a fair compromise
between computational cost and accuracy.
The gpaw code is an all-electron DFT code based on
projector augmented waves [24] (PAW) and using finite
differences. We choose the real-space grid for representing the wavefunctions in the PAW procedure to have
a distance less than 0.11 Å between grid points. The
pseudo electron density uses the same grid. Additional
grid points are added by interpolation to obtain a finer
grid with half the grid spacing [14]; in our calculations
the grid spacing for the pseudo electron density is thus
less than 0.055 Å. This is less than the gpaw default
of about 0.2 Å for the wave function grid spacing, leading to about 0.1 Å grid spacing for the pseudo density.
The use of a dense electron density grid is important for
the quality of the evaluation of the nonlocal correlation
contribution [25, 26].
The Brillouin zone of the unit cell is sampled according to the Monkhorst-Pack scheme by means of a 2×2×1
k-point sampling. Increasing the k-point sampling to
4×4×1 changes Ea by less than 0.7 meV per molecule
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TABLE I: Adsorption (desorption) energies from theory (Ea ) and experiment (Ed and E0 ), center-of-mass distance from
graphene dcm , area A of one alkane molecule in a full monolayer (ML), unit cell used in calculations, and estimated unit-cell
coverages θuc , for the small n-alkanes (CN H2N +2 , N = 1 − 10). In our calculations
we use orthogonal unit cells of height 23 Å
√
(perpendicular to the plane of graphene) and a graphite lattice vector ag = 3 a0 with a0 = 1.43 Å. The experimental values
of E0 — corresponding to the limit of 0 ML coverage and no defect sites — is found from Eq. (9) with the use of parameters
given in Table IV of Ref. 1. The unit-cell coverage for the polyethylene (PE) study is found from an estimate of the PE-PE
bonding separation in the PE crystal, as described in the text.
This work

Experiments

N Unitcell θuc dcm
Ea
A
Ed (0.5 ML)
E0
[ML] [Å] [kJ/mol] [eV]
[Å2 ]
[kJ/mol]
[kJ/mol]
√
H2
0 2 3×3
3.39
6.8
0.070
√
methane
1 3 3 × 3 0.16 3.64 14.6
0.152
15a
14.1
13.6
√
ethane
2 3 3 × 3 0.22 3.80 20.9
0.216
20.9b
24.6
23.8
√
0.288
27a
32.1
30.6
propane
3 3 3 × 3 0.28 3.90 27.7
√
n−butane
4 3 3 × 4 0.26 3.97 34.6
0.358
32.7c
40.8
38.9
√
0.443
39a
n−pentane
5 3 3 × 4 0.31 3.86 42.8
√
n−hexane
6 4 3 × 4 0.26 3.96 49.6
0.514
45.6d , 44.8e
63.0
60.3
√
0.598
51.6f
n−heptane
7 4 3 × 4 0.30 3.90 57.7
√
0.679 57.2f , 57.7d , 56.2e
72.6
71.0
n−octane
8 5 3 × 4 0.27 3.89 65.5
√
n−nonane
9 5 3 × 4 0.30 3.87 73.0
0.757
63.5f
√
0.832 69.0f , 69.7d , 68.9e
91.4
84.5
n−decane
10 5 3 × 4 0.32 3.86 80.3
√
g
g
polyethylene (1) 5 3 × 1 0.21 3.83 7.2
0.074
a
Linear interpolation of the experimental data available for other values of N , A(N ) ≈ 9 + 6N Å2 .
b
Neutron diffraction data at submonolayer coverage, Ref. 17.
c
Neutron diffraction data at 11 K, Ref. 18.
d
X-ray diffraction data at submonolayer coverage, Ref. 19.
e
Neutron diffraction data at submonolayer coverage, Ref. 19.
f
X-ray diffraction data, Ref. 20.
g
Ea per C atom in PE. Each unit cell has two units of CH2 .

(0.07 kJ/mol). We further make sure that the individual
gpaw calculation is accurately converged with respect
to the internal gpaw evaluation of the total energies.
This step is to control the noise level in the electron
density variation. We impose a convergence threshold
such that the total energy changes less than 0.1 meV per
unit cell, or less than approximately 10−6 eV per atom
in the unit cell, in the last three iterations of the gpaw
self-consistency scheme. This convergence threshold is
several orders of magnitude smaller than the default settings of gpaw.

B.

Unit-cell coverages

The coverage θ is an important parameter in the experimental characterization. One monolayer (ML) is a
one-molecule thick coating of a surface, as found by experiments. The coverage of molecular adsorbates on the
graphene substrate is specified as a fraction of a full ML.
To assist comparisons between experiments and theory,
we provide estimates of the effective unit-cell coverages,
θuc , that characterize our above-described calculational

choices. These θuc estimates are listed in Table I.
Couto et al. [27] found by means of STM that for various n-alkanes adsorbed on graphite the coating layer
is highly ordered. The ordering at such high coverage is affected both by the adsorbate-adsorbate and the
adsorbate-substrate interactions. Disordered arrangement is only activated above a critical temperature. To
estimate unit-cell coverages θuc we need to know, for a full
ML, how many molecules cover a given area of graphene
or how large an area A does one molecule cover, on average, in these experimentally observed structures.
For most of the n-alkane molecules we find the definition of 1 ML from experiments reported in the literature
[17–20]. For methane, propane, and pentane we use an
estimate based on a linear interpolation of the experimental data available for other values of N , A(N ) ≈ 9 + 6N
Å2 .
For the case of PE on graphene we estimate the effective unit-cell coverage θuc from a vdW-DF based estimate of the PE-PE bonding distance in the PE crystal.
In an earlier study [28] one of us identified the optimal
PE crystal structure within a vdW-DF characterization.
From that study we estimate the optimal centerline-to-
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centerline distance between the polymers to be 4.5 Å.
The separation
of the PE polymers used in the present
√
study is 5 3 ag ≈ 21 Å. This gives a coverage for PE
PE
θuc
≈ 4.5 Å/21 Å ≈ 0.21.
The effective unit-cell coverages also reflect the proximity between atoms on different copies of the periodically repeated adsorbate images. Taking n-pentane as
an example we find that the closest atoms sitting on two
different adsorbate images is about 7.5 Å. This is at a
distance where one would expect the direct vdW coupling between adsorbates in the repeated unit-cell image
to become small, although that need not be the case for
the coupling through substrate mediated electronic interactions [21].

C.

Nonlocal correlation

The correlation energy Ec in the total energy for the
vdW-DF functional is split [29]
Ec [n] = Ec0 [n] + Ecnl [n].

(2)

into a nearly-local part Ec0 and a part that includes the
most nonlocal interactions Ecnl . All terms of (2) are functionals of the electron density n. In a homogeneous system the term Ec0 is the correlation EcLDA obtained from
the local density approximation (LDA), and in general
[8] we approximate Ec0 by EcLDA .
The term Ecnl vanishes for a homogeneous system. It
describes the dispersion interaction. The form of Ecnl is
derived in Ref. 8. It is a truly nonlocal functional
Z Z
1
nl
Ec [n] =
dr dr0 n(r)φ(r, r0 )n(r0 )
(3)
2
given by a kernel φ which is explicitly stated in Ref. 8.
In gpaw the electron density n(r) used in (3) is the socalled pseudo-electron density nps . In the PAW scheme,
this is made relatively smooth by splitting off core-like
electrons in an augmentation density, naug , i.e., writing
n = nps + naug . The evaluation of semi-local functional
contributions — including Ec0 and the vdW-DF exchange
— is based on the variation in nps +naug . The inclusion of
parts of naug was recently shown to be important [26] for
converging a PAW based vdW-DF implementation in the
code vasp [30] in calculations of bulk lattice constants.

D.

vdW-DF-based studies of adsorption energies

The adsorption energy Ea is the difference between
the energy of the optimal adsorption configuration and
vdW-DF
the energy, Egas
, of the system with the n-alkane
molecules moved far away from graphene and far from
each other in a gas form,
vdW-DF
vdW-DF
−Ea = Enear
− Egas
.

(4)

When bonds are strong, in proper chemisorption problems, a formal definition like (4) can also be directly employed for practical computations with traditional DFT
using semi-local functionals. For the reference energy
vdW-DF
Egas
one can generally take each fragments in independent unit cells of difference sizes and griding. There
is for dense matter problems no important long-ranged
direct interactions between repeated images of the adsorbates (or, in the direction perpendicular to the surface,
between the adsorbate and repeated images of the substrate). There can be indirect substrate mediated interactions [21, 31, 32] but these are small adjustments on a
chemisorption energy scale. Also, while numerical noise
can arise in the calculation of exchange-energy terms in
some codes [22, 33], the effects are limited. This is because it is the low-density regions which are more prone
to noise [34] but in chemisorption problems one can use
moderately-sized unit cells.
However, for n-alkane adsorption investigated using a
DFT method like vdW-DF, we cannot directly employ
(4), at least not without a discussion. We have here chosen to bypass all (small) effects of residual direct vdW
coupling between adsorbate images, potential noise issues [22, 33, 34] that can arise when comparing unit cells
with different large amounts of vacuum [22, 33, 34], and
control [25, 35] a grid sensitivity/convergence issue [26]
that can arise in vdW-DF calculations of energy differences.
Following Refs. 12, 22, 23, we formally rewrite the
vdW-DF adsorption energy
vdW-DF
= ∆Efroz
+ ∆Efar ,
vdW-DF
vdW-DF
= Enear
− Efar,froz
,

(5)
(6)

vdW-DF
vdW-DF
∆Efar = Efar,froz
− Egas
,

(7)

−Ea
vdW-DF
∆Efroz

where the first difference (6) is evaluated in the same unit
cell, containing both substrate and adsorbate, and with
identical grid. Use of an intermediate reference energy in
(6) subtracts not only intra-molecular contributions (the
alkane molecule is identical in the two calculations) but
also any direct lateral alkane-alkane interaction across
unit cell boundaries.
In the second energy difference (7) one should, in
principle [25] ensure the same grid density for the two
unit cells, describing either a repeated pattern of frozen
molecules or isolated molecules in the fully relaxed gas
form. In practice, we approximate [12]
PBE
PBE
∆Efar ≈ Efroz
− Egas
,

(8)

that is, in a calculation using the generalized gradient approximation (GGA) in the Perdew-Burke-Ernzerhof [36]
(PBE) variant, thus also eliminating all possible direct
vdW coupling in ∆Efar . The energy contribution (8) is
of no real significance in the present study.
We note that some additional care must generally be
exercised in vdW-DF studies since that sparse-matter
binding energies are significantly smaller and thus more
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FIG. 2: Desorption energy as a function of the length of the
n-alkane chain. Solid points are our results, open points are
from the TPD measurements by Tait et al. [1]. Linear regression lines for the three sets of data points are also shown, including the extrapolations to N = 0. The dashed line has the
slope from our calculations of the adsorption of PE, with the
H2 adsorption energy added to represent the ends of the alkanes. The shaded area encompasses the estimated (by Ref. 1)
error bars of the 0.5 ML experimental data.

susceptible to both spurious (unit-cell) interactions and
potential noise and grid effects. Several of the vdW-DF
implementations are in DFT codes that were mostly created for dense-matter systems and with default convergence setting designed to determine energy scales closer
to 1 eV than 1 meV; some adjustments of settings have
been discussed above. It is not always a priority in the
general DFT codes to converge the low-density regions
which are important in accurate calculations of the vdW
bonding [29, 37].
In the here-described GPAW calculations we find that
a direct approach based on (4) yields no real differences
when we use the same grid density for the unit cell value
vdW-DF
vdW-DF
of Enear
and Egas
[25, 35]. With the increased
convergence criteria and large unit cells (Section II.A)
there arises no relevant contribution from numerical noise
[34] nor any sizable direct vdW coupling [21]. Nevertheless, we have chosen to stick with the earlier procedure
because it also includes handling of grid density effects.
The adsorption energy may be affected by substratemediated electronic interactions. We provide an argument in the results section, but a full discussion is beyond
the scope of this investigation.

RESULTS AND DISCUSSION

Structure and relaxations in adsorption

The alkane molecules deform very little upon adsorption, compared to their gas phase structure. In the gas
phase, calculated with vdW-DF, we find for n-pentane
the average C-C bond length 1.541 Å. The C-C distance
varies slightly along the carbon chain, with the smallest
values towards the ends and the largest values around
the center of the chain, but the difference only amounts
to 0.001 Å. For n-nonane the C-C bond lengths along
the chain differ by 0.002 Å, again with the largest values around the center of the chain. We find similar bond
lengths and bond length variations for the other alkanes.
Values of the average C-C bond length found by experiment [38] for n-alkanes with N = 2 to 7 are in the
range 1.526 Å (n-propane) to 1.536 Å (ethane). Our results for the bond lengths thus deviate less than 1% from
experiment.2
When an alkane molecule is adsorbed on graphene we
find that the bond lengths are only slightly affected. For
pentane the adsorbed molecule (Fig. 1) has an average
C-C bond length 1.543 Å, a change from the gas phase by
0.002 Å (or 0.1%), and the bond lengths are still larger
towards the middle of the chain (1.544 Å) compared to
the bonds at the ends of the chain (1.542 Å). For the
other alkanes we find the average C-C bond length in the
range 1.540 Å (ethane) to 1.544 Å (octane and nonane),
and for all alkanes the bonds towards the middle of the
chains are longer than those at the ends.
Thus, structural changes caused by the adsorption are
very small. Energetically, the changes are also very small:
using PBE for the reasons stated in the previous section
PBE
PBE
− Egas
apwe find the difference in total energy Efroz
proximately 2 meV (0.2 kJ/mol) per C-C bond for all the
alkanes studied here.
All calculations of the adsorbed alkanes presented
above are for an orientation with the alkane carbon skeleton parallel to graphene. We started out the process of
optimizing the atomic positions with the carbon skeleton parallel to graphene, and all calculations reached
an energetic minimum when parallel to graphene. To
check if this is also the global minimum we further calculated the total energy for alkane molecules that initially
were oriented with their carbon skeleton perpendicular to
graphene, i.e., rotated 90◦ around their axis. For these,
we also find a local minimum, but with a total energy
larger (less favorable) than for the configuration with the
backbone parallel to graphene. For example for pentane

2

When comparing the values of the bond lengths with experiment it should be kept in mind that many exchange-correlation
approximations, like the vdW-DF and also many of the GGA
versions, find covalent bond lengths that can deviate up to a few
percent from the experimental values.
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we find that the loss of total energy going from the perpendicular orientation to the parallel orientation is 48
meV (4.6 kJ/mol).
B.

Adsorption and desorption energies

Table I lists the adsorption (desorption) energies obtained from theory by us and through TPD measurements by Tait et al. [1]. As shown in Figure 2 the calculated adsorption energy values grow linearly with the
size of the alkane molecule, N , with an off-set comparable to that from experiments. Although the coverage
of adsorbed alkanes in our calculation is 0.2–0.3 ML the
subtraction procedure involving the two first terms in
(5) ensures that all direct alkane-alkane interactions are
eliminated. Thus our results should be compared with
experimental results for single alkane molecules desorbed
from otherwise clean and defectless graphene (coverage 0
ML), E0 .
In Ref. 1, the model used for describing the desorption
energy Ed as a function of the coverage θ and the number
of alkane C atoms N is


θ
Ed (θ, N ) = E0 (N ) + γ(N )θ + Edef (N )exp −
.
θdef (N )
(9)
The E0 (N ) is the contribution from a defectless surface
(here: graphene) in the absence of adsorbate-adsorbate
interactions. The term γ(N )θ accounts for the increase
in desorption energy due to the interaction with other
adsorbates on the surface, and the third term describes
the effect of defects in the surface. The model is introduced in Ref. 6 for n-butane on MgO(100). For general (small) n-alkanes on graphite the parameters γ, Edef ,
and θdef are given in Table IV of Ref. 1. In our calculations graphene is defectless and we have compensated
the lateral interactions between molecules. Therefore our
adsorption energies Ea should be compared with the experimental quantity E0 , listed in Table I.
In Figure 2 are shown the experimental results Ed
at θ = 0.5 ML, with the corresponding error estimates
within the shaded area (from Table III of Ref. 1), and E0
at zero coverage, together with our adsorption energies
Ea . Comparing Ea with E0 we find that our theory adsorption energies deviate somewhat from the experimental results, with values from theory about 10% smaller
than E0 . Hexane is an exception: our vdW-DF value Ea
is 18% smaller than E0 . However, for hexane the experiment deviates from the linear growth with N whereas
our theory result does not.
The solid linear curves in Figure 2 are the linear regression curves for Ed , E0 , and Ea . The experimental
curves are described by Ed = 8.50N + 7.11 (Ref. 1) and
E0 = 7.96N + 7.46, and we find for the theory results
the relationship Ea = 7.23N + 6.44, all given in units of
kJ/mol.
The shaded area in Figure 2 shows the estimated errors in the values of Ed as provided by Ref. 1. We expect

at least similar sizes of the errors on the experimental E0
values because E0 is derived from Ed (via eq. (9)), which
might possibly account for part of the 10% deviation between the values of E0 and the values of our Ea . The
lack of substrate for graphene in our calculations also
contributes to the deviation. Previously, one of us has
estimated the contribution to the binding energy from a
second layer of graphene to be 3% for benzene or naphthalene adsorbed on graphene [10] and 4% for phenol on
graphene [23].
vdW-DF
The reference system for the ∆Efroz
part of the
adsorption energy [eq. (6)] has the alkane molecule ∼11
Å above graphene. In our unit cells of height 23 Å this
places the reference alkane molecule at ∼12 Å distance
from the periodically repeated image of graphene. In
the vdW-DF calculations this leads to a small interaction of the alkane molecule and the graphene in the same
unit cell and a small cross-coupling to the repeated image of graphene. Removal of this effect will increase the
calculated value of Ea . For n-pentane we explicitly calculate the increase in Ea to be 20 meV (1.9 kJ/mol),
or 4.5% of Ea . This value is obtained by use of unit
cell of height 35.15 Å and a reference calculation with
a graphene-alkane-distance of ∼17.5 Å, at an increased
computational cost. This effect may be another contributing part in the 10% difference between the E0 from
experiments and our Ea .
Although all direct alkane-alkane interaction of the periodically repeated images are eliminated by use of the
energy difference (6) there may remain some indirect
alkane-alkane interactions mediated by graphene. This
effect should lead to an oscillatory correction in the estimate of Ea [32]. The oscillations have a period set by
the Fermi-surface properties of graphene. However, since
different n-alkanes are modeled in different coverages θuc
(Table I), the error introduced by indirect electronic interactions should reveal itself both as a shift of the slope
and as as scatter around the slope. The fact that there
is no strong scatter in the theory-predicted slope (Figure
2) suggests that the magnitude of systematic change in
the Ea slope from indirect electronic interactions is not
large.
Finally, we note that gpaw uses the pseudo electron
density nps for n in (3); It is possible that including also
some of the core density naug [26] could adjust the value
of the nonlocal correlation term Ecnl .

C.

Adsorption distance

In Figure 3 we show the potential energy curve for
n-pentane as pentane is moved away from graphene, obtained with the vdW-DF functional. The points of the
curve are obtained as described by (5), with three sets
of calculations, however with the center of mass of the
molecule kept fixed at the distance d above graphene.
All internal atomic positions of pentane are allowed to
relax.
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FIG. 3: Potential energy for n-pentane on graphene. The
potential is calculated like −Ea in (5) but with the center of
mass of pentane fixed at the distances d from graphene. The
minimum of the curve corresponds to the adsorption energy
Ea and distance dcm .

Figure 3 shows that the potential is shallow around the
adsorption position. For example, moving the center of
mass of pentane 0.1 Å towards or away from graphene
results in an energy increase of only about 1 kJ/mol, or
10 meV. For our calculations we also report in Table I the
distance dcm between the center of mass of the molecule
and the graphene sheet at the adsorption distance, which
ranges from 3.64 Å (methane) to 3.96 Å (hexane). Because of the shallow minimum there is some uncertainty
in determining dcm .

D.

Desorption rates and interpretations

Almost all the available experimental results on alkane
desorption from various surfaces derive from TPD measurements measuring the desorption rate r. In order to
extract the desorption energy from r the preexponential desorption rate ν was earlier often assumed to have
the value 1013 s−1 . This value is accepted as a reasonable value for first-order processes in surface physics of
atoms and is derived from traditional transition state theory. However, the more complex processes of molecular
desorption are not necessarily as well described by that
particular value, nor more generally by a value that is
constant for all n-alkanes.
The desorption rate r may be described by the PolanyiWigner equation
r(θ, T ) = −

dθ
(θ, T ) = ν(θ, T )θm e−Ed (θ)/kB T
dt

(10)

for mth order desorption, here m = 1. Assuming a constant value of ν for the small (N < 12) n-alkanes the
TPD desorption rates give linear growth in Ed with number of alkane segments N but with a very large offset [5]

at N = 0. The offset is much larger than the segmental increment in Ed . Lei et al. speculated [39], and Tait
et al. showed from analysis of TPD experiments [1, 7],
that ν takes other and varying values in alkane desorption. This was shown for various surfaces like graphite,
Pt(111) and MgO(100). By treating ν as a fitting parameter along with Ed , modified and varying values of ν
are found. Such analysis leads to a more modest value of
the offset of Ed at N = 0, at the size of or smaller than
the segmental increment in Ed [1, 7].
In particular, it was found [1] that on graphite ν varies
from 1013.0 s−1 for methane to 1017.8 s−1 for n-decane.
Thus the small molecules have a desorption prefactor
similar to that from theory for atoms, whereas the prefactors for the larger molecules deviate strongly from this.
Taking these variations into account the desorption energy offset at N = 0 is reduced to 7.11 kJ/mol, with
a segmental increment in Ed of 8.50 kJ/mol. Similar results were obtained for small-N n-alkane desorption from
Pt(111) and MgO(100).
It appears that the previously published large values of
the N = 0 offsets can mostly be explained [1, 6, 7] as an
effect of not allowing ν to vary for the small n-alkanes.
Nevertheless, an offset of a smaller size does remain even
in the re-analyzed data.
In the literature the origin of the offset has been debated [1, 5, 39]. Even though the values of the offsets
may be reduced as discussed above, also the remaining
offset begs an explanation. Lei et al. summarize the discussions by listing a number of suggested reasons: (i) the
different binding to the surface of the methyl end groups
(-CH3 ) compared to the methylene segments (-CH2 -); (ii)
the effect from the chain length dependence on the polarizability of the alkanes; (iii) the effect of needing different
temperatures for the various alkanes for measuring r; (iv)
possibly the desorption process cannot be described as a
first-order process, e.g., if the alkanes adsorb in islands
or other structures; (v) possible lattice mismatch of the
alkanes with the surface; and finally (vi) chain length dependence of ν. The latter suggestion reduces the offset
to a more modest value, as discussed above.
Without going into details of all of the abovementioned suggestions we note that our calculations are
in a sense more direct than the desorption energies derived from the TPD measurements. In our calculations
the preexponential factor ν is not involved, temperature
variation is not an issue, and we do not let the alkanes
adsorb in islands. Our results are in agreement with the
results presented in Ref. 1 where the approach of a variable desorption prefactor was used. In particular, our
theoretically calculated value of the offset agrees very
well with that obtained by Tait et al. Here below we
present a simple model study to discuss the suggestion
(i) of end-group effects.
Our calculated adsorption energy for PE corresponds
very well with our similarly calculated adsorption energy
per segment of the alkanes (when neglecting the offset).
PE is similar to the alkanes, but it does not (at least
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not ideally) include methyl end groups. In our calculations we describe PE adsorbed on graphene by periodically repeating two CH2 units, thus explicitly avoiding
end groups. We find (Table I) the adsorption energy per
methylene unit in PE, 7.2 kJ/mol, which corresponds
very well to the energy 7.4 kJ/mol we find per (methylene or methyl) unit for small n-alkanes.
It is natural to expect that the two extra H atoms attached to the ends of the alkane molecules (in the methyl
groups) also contribute to the adhesion, thus affecting
the offset in the adsorption energy. We present a calculation of a H2 molecule adsorbed on graphene to test a
hypothesis of simple additivity of N methylene segments
(-CH2 -) and two additional H atoms. This is thus an
even simpler model for n-alkane than adding methyl to
the ends of a string of methylene segments.
Our calculation of H2 on graphene yields the adsorption energy 6.8 kJ/mol. In the calculated curve for Ea
the offset is 6.44 kJ/mol. Our results for PE and H2 fit
nicely to this simple additivity model. The curve with
slope derived from PE adsorption and offset derived from
H2 adsorption is plotted in Figure 2 (dashed line).
Arguments raised against the end-group explanation
have been that experiments [39] for cyclic alkanes on
Cu(111) and Pt(111) also show an offset for extrapolation to N even though the cyclic alkanes do not have any
end groups. However, those results were extracted using
fixed values of ν and yield large offsets (36 kJ/mol for Pt,
19 kJ/mol for Cu) both for the cyclic alkanes and their
linear equivalents. In that analysis the effect directly on
the desorption barrier from the end groups is estimated
to 2 kJ/mol per linear alkane for both Pt and Cu surfaces.
We cannot judge whether the value of the cyclic-to-linear
difference in desorption barriers [39], 2 kJ/mol, would remain after a re-analysis of the desorption energies with
more variation of ν, along the lines of those of Tait et al.
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[11] S.D. Chakarova-Käck, A. Vojvodic, J. Kleis, P.
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