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We combine scanning tunneling microscopy �STM� measurements with ab initio calculations to
study the self-assembly of long chain alkanes and related alcohol and carboxylic acid molecules on
graphite. For each system, we identify the optimum adsorption geometry and explain the energetic
origin of the domain formation observed in the STM images. Our results for the hierarchy of
adsorbate-adsorbate and adsorbate-substrate interactions provide a quantitative basis to understand
the ordering of long chain alkanes in self-assembled monolayers and ways to modify it using alcohol
and acid functional groups. © 2008 American Institute of Physics. �DOI: 10.1063/1.2841478�

I. INTRODUCTION

The controlled self-assembly of molecules to form or-
dered nanoscale patterns is an area of active research. These
superstructures often exhibit unusual properties1 and are
finding numerous applications in nanotechnology, including
use as nanotemplates.2 Nanotemplates enable directed as-
sembly of nanoscale objects and allow for the transfer of
those patterned objects to receiving substrates. For example,
as nanoparticles can be selectively attached to either molecu-
lar or polymeric species, nanotemplates derived from self-
assembled molecules or polymers provide an efficient means
to prepare ordered arrays of uniformly spaced nanoparticles.
Nanotemplates of this type permit feature sizes and feature
densities that are unrivaled by current lithographic tech-
niques including electron-beam nanolithography and scan-
ning probe methods such as dip-pen nanolithography3 and
field-assisted nanolithography.4

Self-assembled monolayers �SAMs� of molecular and
polymeric species on highly oriented pyrolytic graphite
�HOPG� have attracted much attention, since the formation
of various adsorption patterns can be monitored using scan-
ning tunneling microscopy �STM� methods.5–8 Although
many patterns have been reported even for alkane films on
graphite, the energetic grounds for the optimum SAM struc-
ture have never been investigated. Since the interplay be-
tween adsorbate-adsorbate and adsorbate-substrate interac-
tions ultimately determines the equilibrium geometry of the
molecular assemblies, it should be possible to induce specific
changes in the SAM superstructures by modifying the termi-
nal functional groups of the molecules in a predetermined
manner. Unfortunately, published STM data of SAMs on
graphite do not provide a quantitative interpretation of the
resulting superstructures and, therefore, do not allow for pre-
dictions concerning the effect of specific functional groups
on the corresponding self-assembled superstructure.

Here, we study the self-assembly of long chain alkanes
and their derivatives on graphite using a combination of
STM measurements with ab initio electronic structure and
total energy calculations. We identify the optimum adsorp-
tion geometry of the molecules and explain the energetic
origin of the domain morphology observed by STM. Our
electronic structure calculations allow a quantitative interpre-
tation of the STM images. Calculated total energy results
provide a quantitative basis for judging the ordering ten-
dency of alkane chains in self-assembled monolayers and
ways to modify the ordering using alcohol �OH� and car-
boxylic acid �COOH� functional groups.

II. COMPUTATIONAL DETAILS

To obtain fundamental insight into the origin of different
adsorption patterns of long chain alkanes and their deriva-
tives on graphite, we determined the equilibrium geometry,
binding energy, and electronic structure of these systems un-
der different conditions. Our calculations are based on the ab
initio density functional theory �DFT� within the local den-
sity approximation �LDA�.9 We used the Perdew–Zunger10

parametrized exchange-correlation functional, as imple-
mented in the SIESTA code,11 and a double-� polarized basis
localized at the atomic sites. We used the counterpoise
method12 to avoid basis-set superposition errors introduced
by the localized basis. The valence electrons were described
by norm-conserving Troullier–Martins pseudopotentials13 in
the Kleinman–Bylander factorized form.14 This computa-
tional approach is known to correctly describe the equilib-
rium geometries and energies associated with the alkane-
alkane and alkane-HOPG interactions, as well as the strength
of alcohol-alcohol and acid-acid hydrogen bonds.

Since adsorption of alkane chains on graphite and
graphene should be very similar, we performed our calcula-
tions on infinite graphene monolayers using periodic bound-
ary conditions. In the superlattice geometry modeling iso-
lated monolayers, graphene layers were separated by 20 Å in
the normal direction and represented by orthorhombic unit
cells containing four carbon atoms. The supercells werea�Electronic mail: tomanek@msu.edu.
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sampled by a 32�32�1 k-point mesh. When modeling fi-
nite alkane chains on graphene, we used 3�5 graphene su-
percells with 60 C atoms and sampled the Brillouin zone by
a 11�7�1 k-point mesh. The self-consistent charge density
was obtained using a real-space grid with a mesh cutoff en-
ergy of 250 Ry, sufficient to achieve a total energy conver-
gence of better than 0.05 meV/atom during the self-
consistency iterations.

III. EXPERIMENTAL

As a counterpart to the theoretical results, we observed
overlayers of alkanes and their derivatives on graphite using
STM. Saturated solutions of n-docosane �99%, Aldrich, Mil-
waukee, WI�, 1-docosanol �97%, Aldrich, Milwaukee, WI�,
and 1-docosanoic acid �99%, Aldrich, Milwaukee, WI� were
prepared in 1-phenyloctane �99.9%, Aldrich, Milwaukee,
WI�. A small drop of the solutions was spread onto a freshly
cleaved surface of HOPG �ZYA grade, MikcroMasch, Wil-
sonville, OR�. Scanning tunneling microscope imaging was
performed under ambient conditions �21–23 °C� using a
Nanoscope IIIa STM �Digital Instruments, Santa Barbara,
CA� with platinum/iridium tips �Digital Instruments, Santa
Barbara, CA�. The STM was calibrated using freshly cleaved
HOPG. Images were captured in situ in constant current
mode at the HOPG-liquid interface, while integral and pro-
portional gains were in the range of 2–5. The raw images
were filtered to remove high frequency noise.

IV. RESULTS

A. Freestanding long chain alkanes

The equilibrium geometry and electronic structure of
freestanding polyethylene, representing an alkane chain, is
shown in Figs. 1�a� and 1�b�. To represent isolated polymers
in a superlattice geometry, we arranged them on a tetragonal
lattice with a large interchain separation of 20 Å and
sampled the rather short Brillouin zone of these one-
dimensional structures by 16 k points. The optimized struc-
ture of freestanding polyethylene, with the carbon backbone
forming a zigzag chain, is shown in Fig. 1�a�. The primitive
unit cell of length a=2.55 Å contains two C and four H

atoms. The LDA band structure of the infinite chain, depicted
in Fig. 1�b�, suggests that polyethylene is a wide-gap insula-
tor. The wave functions associated with the top of the va-
lence band at � are shown in Fig. 1�c�, those of the conduc-
tion band bottom at � are shown in Fig. 1�d�. The spatial
distribution of these frontier orbitals is useful for judging the
nature of polymer-polymer and polymer-graphene interac-
tions.

B. Structure and stability of long chain alkane
monolayers

For long chain alkanes on graphite, controversy exists
concerning whether the carbon skeletal plane should lie
parallel,15 perpendicular,8 or at an �30° angle16 to the graph-
ite basal plane in the SAM superstructure. To help solve this
controversy, we compared the total energies of the different
structures and show our results in Fig. 2. We distinguish the
coplanar orientation �P�, where the zigzag carbon back-
bones of the alkanes or polyethylene, separated by the dis-
tance d, all lie in the same plane, from the stacked orienta-
tion �S�, where all alkane or polyethylene chains are axially
rotated by 90° and the zigzag carbon backbone planes are
separated by d in the normal direction. On graphene, the P
orientation of polyethylene in vacuum, depicted in Fig. 2�a�,
translates to that of polyethylene chains lying down parallel
to graphene, as shown in Fig. 2�b�. The energetic comparison
in Fig. 2�c� suggests that the graphene substrate plays only a
minor role in the interchain interaction. In particular, the
equilibrium interchain distance of 4.26 Å in the coplanar ori-
entation is nearly the same in vacuum and on graphene.

Similarly, the S orientation of polyethylene in vacuum,
depicted in Fig. 2�d�, translates to that of polyethylene chains
adsorbed with their zigzag planes normal to the graphene
substrate, as indicated in Fig. 2�e�. Again, the equilibrium
interchain distance of 3.50 Å in this geometry is very similar

FIG. 1. �Color online� �a� Equilibrium geometry and �b� electronic band
structure of an infinitely long polyethylene chain. Wave functions of the
states at k=� corresponding to �c� the top of the valence band and �d� the
bottom of the conduction band are shown in the same perspective as used in
�a�. The wave function contours are presented for the amplitude ���
=0.04a0

−3/2 and superposed with the atomic positions. The wave function
phase is distinguished by color.

FIG. 2. �Color online� Interactions between two infinitely long polyethylene
chains in ��a�–�c�� coplanar �P� and ��d�–�f�� stacked �S� arrangements. In-
teraction energies are plotted in �c� and �f� as a function of the interchain
distance d for polymers in vacuum, depicted in �a� and �d�, and polymers
adsorbed on graphene, depicted in �b� and �e�. Energy values per primitive
unit cell of the polyethylene chain pair in vacuum are indicated by empty
triangles and those for chains chemisorbed on graphene by empty squares in
�c� and �f�.
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on graphene and in vacuum, as seen in Fig. 2�f�. Comparing
energy values in Figs. 2�c� and 2�f�, we find that the inter-
chain attraction leads to an energy gain of �0.1 eV /C2H4

with respect to separated polymers, both in the coplanar �P�
and the stacked �S� orientations. The small energy differ-
ences in the interchain interaction are introduced by the
graphene substrate and can be attributed to inequivalent ad-
sorption sites on graphene. These are likely to be modified in
the case of incommensurate overlayers, which are known to
form Moiré patterns in STM images.8

Considering a C2H4 unit of an isolated polyethylene
chain, adsorption on graphene leads to an energy gain of
0.09 eV in the S orientation and 0.12 eV in the more stable P
orientation. In view of the polyethylene-substrate attraction
that is similar to the interchain attraction, we expect the for-
mation of self-assembled monolayers forming both S and P
domains on graphene. Due to their higher stability, P do-
mains should prevail unless the system is subject to external
constraints including lateral pressure.

Having established the optimum polymer arrangement
within the polyethylene layers, we next address the preferen-
tial orientation of the polymer chains with respect to the
graphene substrate. Different representative alignments for
the two orientations are depicted in Fig. 3. The optimized
adsorption geometry of polyethylene in the preferential par-
allel �P� orientation, lying down on graphene along the arm-
chair direction, is depicted in Fig. 3�b�, and the correspond-
ing zigzag alignment is shown in Fig. 3�c�. We should note
that in the optimum adsorption geometry of P-oriented poly-
ethylene �PE� aligned along the zigzag direction on
graphene, the plane of the PE carbon backbone is tilted by

2.5° with respect to graphene, which will have important
consequences for the STM images of alkane chains.

Energetically, we find zigzag aligned PE in Fig. 3�c� to
be favored by 0.08 eV /C2H4 with respect to armchair
aligned PE. The zigzag alignment represents the most favor-
able structure, since axial displacements of the chain reduce
its binding energy by no more than 0.02 eV /C2H4, suggest-
ing that even misaligned or displaced chains prefer the zig-
zag direction. As mentioned in the discussion of our results
in Fig. 2, zigzag aligned polyethylene lying down parallel to
graphene in Fig. 3�c� is energetically favored by
0.03 eV /C2H4 over polyethylene standing up normal to
graphene in Fig. 3�d�. Based on the hierarchy of interactions,
we expect coexistence of polyethylene chains in P and S
orientations, with zigzag and armchair alignment on the
graphene substrate. The largest domains are expected for the
stable P-oriented PE in zigzag alignment, the smallest do-
mains for S-oriented PE in armchair alignment.

C. Bonding nature of long chain alkanes on graphite

The chemical origin of the adsorbate interaction with the
graphene substrate is addressed in Fig. 4 for P-oriented poly-
ethylene and in Fig. 5 for S-oriented polyethylene. The
height of the polyethylene axis center above graphene is h
=3.4 Å for P-oriented polyethylene and h=3.8 Å for
S-oriented polyethylene. This relatively large adsorbate-
substrate separation is consistent with the relatively small
adsorption energy. The total charge densities in Figs. 4�c�
and 5�c�, and, in particular, the difference charge densities in
Figs. 4�d� and 5�d� indicate that there is essentially no net
charge transfer between adsorbate and substrate. Small, but
nonzero values of the charge density difference in Figs. 4�d�
and 5�d� are indicative of weak covalent bonds. The moder-
ate charge density accumulation in the region between PE
and graphene, observed in Fig. 4�d�, explains the slightly

FIG. 3. �Color online� Alignment of polyethylene �PE� chains in different
orientations on graphene. Polyethylene may lie parallel to graphene in the P
orientation or normal to graphene in the S orientation. �a� Definition of
armchair and zigzag directions on graphene. �b� PE�P� along the armchair
direction, �c� PE�P� along the zigzag direction, and �d� PE�S� along the
zigzag direction, viewed from the side or the top.

FIG. 4. �Color online� Nature of bonding of polyethylene in P orientation,
lying parallel to graphene. The polyethylene adsorption geometry on
graphene, shown �a� in side view and �b� in top view. Contour plots of �c�
the total charge density �PE/gra�r� and �d� the charge density difference, de-
fined as ���r�=�PE/gra�r�−�PE�r�−�gra�r�. The plane of the contour plots is
normal to the polymer axis and is indicated by the dashed line in �a� and �b�.
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stronger adsorption bond in the P orientation. The weaker
adsorption bond in the S orientation may be traced back to a
moderate charge density depletion in the same region, ob-
served in Fig. 5�d�.

D. STM images of long chain alkane monolayers
on graphite

To verify our results for the preferential adsorption ge-
ometry of polyethylene or finite alkane chains on graphene,
we compare our optimized structures to STM images of the
corresponding systems. Since scanning tunneling micros-
copy only images electronic states in the energy range EF

−eVbias�E�EF, where Vbias is the bias voltage and EF is the
Fermi level, we must further inspect the electronic structure
of polyethylene on graphene to interpret the images.

Results for the electronic density of states �DOS� of
polyethylene on graphene are presented in Fig. 6. In Fig.
6�a�, we compare the DOS of pristine graphene to
polyethylene/graphene in P and S orientations. As seen in
Fig. 1�b�, polyethylene is a wide-gap insulator with a funda-

mental gap exceeding 7.5 eV and becomes visible to the
STM only in the energy range, where the electronic states of
PE-covered graphene display a significant PE character. We
expect a nonvanishing polyethylene character at those ener-
gies, where the DOS of PE on graphene differs from the
pristine graphene substrate. This can be best judged by in-
specting the difference density of states �DOS for
P-oriented PE in Fig. 6�b� and that of S-oriented PE in Fig.
6�c�. These results suggest that no signal related to polyeth-
ylene should occur at bias voltages Vbias�1.4 V when imag-
ing the occupied states.

Calculated and observed STM images of self-assembled
alkane monolayers on graphene are shown in Fig. 7. STM
images obtained in the constant current mode display
changes of the tip height h as a function of the lateral tip
position �x ,y�. The corresponding calculated images display
the height h�x ,y� corresponding to a given value of the
charge density �STM that is associated with states in the range
EF−eVbias�E�EF. The calculated STM image in Fig. 7�a�,
obtained for Vbias=2.0 V and �STM=10−6e /a0

3, can be directly
compared to STM images obtained in the constant-current
mode at the same bias voltage. Superposed to the calculated
image in Fig. 7�a� is the underlying structure of P-oriented
polyethylene chains, aligned along the zigzag direction of
graphene and separated by 4.26 Å, commensurate with the
underlying graphene layer. Comparison between the calcu-
lated STM image and the underlying polymer structure indi-
cates that the bright spots in the image closely correlate with
the position of H atoms of the alkane chains. As mentioned
above, due to the small horizontal tilt of polyethylene on
graphene, the hydrogen atoms on the right-hand side of the
polymer in Fig. 7�a� are closer to graphene by 0.2 Å and,
thus, could naively be expected to be observed at a slightly
smaller height than those on the left-hand side of the chains.
At the finite bias voltage used in the STM, however, the
height contours are not directly correlated with atomic posi-
tions. In the present case, the small height difference of
0.2 Å between the hydrogen atoms translates into a much
larger apparent height difference of 0.6 Å in STM images
observed at Vbias=2.0 V.

Figure 7�b� shows STM data obtained when imaging a
solution of n-docosane in 1-phenyloctane on graphite at
Vbias=2.0 V �sample negative�, at the constant tunneling cur-

FIG. 5. �Color online� Nature of bonding of polyethylene in S orientation,
standing normal to graphene. The polyethylene adsorption geometry on
graphene, shown �a� in side view and �b� in top view. Contour plots of �c�
the total charge density �PE/gra�r� and �d� the charge density difference, de-
fined as ���r�=�PE/gra�r�−�PE�r�−�gra�r�. The plane of the contour plots is
normal to the polymer axis and is indicated by the dashed line in �a� and �b�.

FIG. 6. �a� Density of states �DOS� of polyethylene �PE� monolayers in P
and S orientation on graphene, compared to the DOS of pristine graphene.
The DOS has been convoluted by 0.2 eV. �b� Difference density of states
�DOS�PE�P� /gra�=DOS�PE�P� /gra�−DOS�graphene� for P-oriented PE.
�c� Difference density of states �DOS�PE�S� /gra�=DOS�PE�S� /gra�
−DOS�graphene� for S-oriented PE.

FIG. 7. �Color online� Scanning tunneling microscopy �STM� images of
self-assembled alkane monolayers on graphene at the bias voltage Vbias

=2.0 V �sample negative�. �a� Calculated STM image of a polyethylene
�PE� monolayer on graphene, corresponding to a constant charge density
�STM=10−6e /a0

3. The image is superimposed with the model of the PE struc-
ture. �b� STM image of a n-docosane monolayer on graphene, observed at
the constant tunneling current of 215 pA.
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rent of 215 pA. The STM image, obtained using a tip sub-
mersed in the solution, shows a well-formed self-assembled
monolayer of n-docosane, closely resembling the calculated
image of Fig. 7�a� showing atomic resolution.

E. Structure and stability of long chain alkane
derivatives on graphite

Next, we studied the effect of alcohol and carboxylic
acid functional groups on the adsorption geometry and the
corresponding STM images. Whereas the frontier orbitals of
polyethylene or unmodified alkane chains extend along the
entire chain, as seen in Figs. 1�c� and 1�d�, this is generally
not the case with molecules possessing terminal functional
groups. Since frontier orbitals are very important for under-
standing the interaction and optimum alignment of mol-
ecules, we plot the charge density associated with the highest
occupied molecular orbital �HOMO� and lowest unoccupied
molecular orbital �LUMO� of polyethylene chains terminated
by an OH group in Fig. 8�a� and those of COOH-terminated
polyethylene in Fig. 8�b�.

These functional groups introduce new localized states
between the top of the valence and bottom of the conduction
band of polyethylene, which become frontier states and re-
duce the fundamental gap. Inspection of Fig. 8 suggests that
the frontier states are localized near the functional groups.

Possible adsorption arrangements of long chain alcohols
within self-assembled monolayers on graphene are displayed
in Fig. 9. The relative stability of the different arrangements
depends on whether the alcohol functions are arranged head
to head or head to tail within a domain, and also on the
nature of the domain boundary. Relative stabilities of these
systems are compared in Table I for the arrangements dis-
played in Fig. 9.

F. Domain formation in self-assembled monolayers
of long chain alkane derivatives on graphite

Within an isolated domain, which contains head-to-head
parallel or head-to-tail antiparallel OH-terminated alkanes,
possible adsorption arrangements are displayed in Figs.
9�a�–9�c�. The corresponding adsorption energy values in
Table I suggest that the parallel arrangement of Fig. 9�a�,
with all alcohol ends aligning head to head along a domain
edge normal to the chains, is the most stable. The staggered
parallel arrangement of Fig. 9�b�, with the domain edge at a

30° angle to the chains, is the least stable. The antiparallel
arrangement of Fig. 9�c�, with the alcohol ends aligning head
to tail along a domain edge normal to the chains, is not as
stable as the parallel head-to-head arrangement of Fig. 9�a�.
Nevertheless, since it contains a shorter domain boundary
than the staggered arrangement of Fig. 9�b�, the arrangement
of Fig. 9�c� lies energetically between those of Figs. 9�a� and
9�b�.

Possible boundaries between domains of long chain al-
cohols are considered in Figs. 9�d�–9�g�. All these arrange-
ments are energetically preferred over those for a single do-
main with the energetically taxing open edge. In long chain
alcohols, the OH bond direction forms a 60° angle to the axis
of the alkyl chain. Among the many ways to assemble long
chain alcohols into a monolayer superstructure, arrangements
that form H bonds at the domain boundary are energetically
preferred.17 The chain directions within the SAMs are fur-
thermore constrained by the symmetry of the underlying
graphene lattice, which allows lamellar directions in adjacent
domains to be either parallel or to form a 120° angle.

Figures 9�d� and 9�e� depict head-to-head and tail-to-tail
alignment of long chain alcohols at the boundary of adjacent
domains, in which all long chain alkyls are aligned parallel
to one another. The head-to-head alignment provides addi-
tional hydrogen bonding at the interface, thus stabilizing the

FIG. 8. �Color online� Highest occupied molecular orbital �HOMO� and
lowest unoccupied molecular orbital �LUMO� of polyethylene chains termi-
nated by �a� an OH group and �b� a COOH group. Charge density contours
are superposed with ball-and-stick models of the molecules.

FIG. 9. �Color online� Adsorption arrangements in finite-width domains of
straight chain alcohols in self-assembled monolayers on graphene. Common
to all structures is the P orientation of the alkyl chains and their alignment
along the zigzag direction on graphene. Adjacent chains within one domain
can be parallel, with OH groups pointing in the same direction, or antipar-
allel, with OH groups pointing in the opposite directions.

TABLE I. Relative stability of finite-width domains of C6H13OH in self-
assembled monolayers on graphene. The structure labels correspond to the
adsorption arrangements of Figs. 9�a�–9�g�. The adsorption energy Ead of
C6H13OH is given by Ead=Etot�C6H13OH array /graphene�
−Etot�isolated C6H13OH in vacuum�−Etot�graphene�.

Structure Ead �eV�

�a� −1.00
�b� −0.95
�c� −0.98
�d� −1.45
�e� −1.03
�f� −1.20
�g� −1.60
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structure of Fig. 9�d� over that of Fig. 9�c�. In the arrange-
ment of Fig. 9�f�, the parallel alignment of all long chain
alcohols in adjacent domains is maintained, but the domain
boundary is rotated by 30° with respect to the alkyl axis.
Even though hydrogen bonding stabilizes this arrangement
over that of Fig. 9�e�, the longer boundary length makes it
energetically unfavorable relative to the arrangement of
Fig. 9�d�.

The symmetry of the underlying graphene lattice also
allows long chain alcohols of two different domains to meet
at a 120° angle, as shown in Fig. 9�g�. Since the arrangement
of the terminal OH groups at the domain boundary in Fig.
9�g� is most favorable among all the arrangements discussed
here, we expect it to occur frequently in the self-assembled
monolayers.

Our findings for self-assembled monolayers of alkane
derivatives with COOH functional groups are qualitatively
similar to those discussed in Fig. 9. However, the energy to
separate a pair of facing carboxylic acid molecules �so-called
carboxylic acid dimers�, �Eb=−1.72 eV, is more than three
times larger than the separation energy �Eb=−0.47 eV of a
pair of facing alcohol molecules.

G. STM images of monolayers of long chain alkane
derivatives on graphite

To help identify the location of OH and COOH func-
tional groups in self-assembled monolayers of long chain
alcohols and carboxylic acids, we calculated the correspond-
ing STM images of C6H13OH and C6H13COOH assemblies
on graphene. Our results, shown in Fig. 10, suggest that the
OH terminal group should appear at a larger apparent height,
whereas the COOH group should appear at a smaller appar-
ent height than the alkane chain in STM images obtained in
the constant current mode.

Figure 11 displays STM images and the corresponding
structural models of self-assembled monolayers of
1-docosanol �C22H45OH� and 1-docosanoic acid
�C22H45COOH� molecules on graphite. According to Fig. 7,
we associate the lamellar structure with parallel alkane
chains. For illustration purposes, the length of fully stretched
�all s-trans conformations� docosanol �l=29.5 Å� and
docosanoic acid �l=30.8 Å� molecules is indicated in the
figure. The STM images in Figs. 11�a� and 11�c� suggest the
presence of stripe-shaped domains that are split in the middle

into subdomains spanned by parallel arrays of the alkane
derivatives.

According to our calculations, the equilibrium separation
between docosanol chains in the S orientation is 3.50 Å, in-
commensurate with the graphene lattice, which agrees well
with the interchain separation in domains �1� and �2� of Fig.
11�a�. Similarly, our predicted equilibrium separation of
P-oriented docosanol chains of 4.26 Å agrees well with the
observed interchain separation in domains �3� and �4� of Fig.
11�a�. Our energy results in Table I suggest that hydrogen
bonds stabilize the interface between adjacent domains of
head-to-head aligned long chain alcohols. As a plausible
working hypothesis, we will assume that the subdomains in
Fig. 11�a� contain OH groups at both sides of the interface,
with hydrogen bonds acting as a stabilizing element of the
semirigid domain backbone. This assumption is confirmed
by the observation of the largest apparent height in the STM
image of Fig. 11�a� in the middle of the domains, in accor-
dance with the predicted STM images for this molecular ar-
rangement, shown in Fig. 10�a�. Combining all this informa-
tion is sufficient to present a well-defined structural
counterpart to the STM image of Figs. 11�a� in Fig. 11�b�.

A similar interpretation can be applied to the STM image
of docosanoic acid monolayers in Fig. 11�c�. The predicted
equilibrium separation between P-oriented docosanoic acid
chains in the P orientation is 5.50 Å, incommensurate with
the graphene lattice, which agrees well with the interchain
separation in the domains of Fig. 11�c�. Also, in this case, the
domains are stripe shaped and contain two subdomains, each
spanned by an array of docosanoic acid molecules. As in the

FIG. 10. �Color online� Calculated STM images of alkane derivatives form-
ing self-assembled monolayers on graphene. �a� C6H13OH at the bias volt-
age Vbias=1.6 V; �b� C6H13COOH at Vbias=1.3 V �sample negative�. Charge
density contours for �STM=10−6e /a0

3 are superimposed with structural mod-
els. The y axis is aligned along the zigzag direction of the underlying
graphene.

FIG. 11. �Color online� STM images ��a� and �c�� and structural models ��b�
and �d�� of alkane derivatives forming self-assembled monolayers �SAMs�
on graphite. �a� Observed and �b� model structure of 1-docosanol
�C22H45OH� on graphite. �c� Observed and �d� model structure of
1-docosanoic acid �C22H45COOH� on graphite. The STM image �a� was
obtained using the bias voltage 1.6 V �sample negative� at the constant
tunneling current of 30 pA, the STM image �c� was obtained using 1.3 V
�sample negative� bias and a 25 pA current. Domains are labeled by num-
bers. The size of individual molecules is indicated by a black rectangle in
each panel. The OH and COOH terminal groups are emphasized in red in �b�
and �d�, and the domain boundaries are indicated by the heavy dashed lines.
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case of the alcohol terminal group, the acid groups favor a
head-to-head configuration at the interface of the subdo-
mains, which provides the domain with a stabilizing back-
bone. Unlike in alcohols, where the chains may either be
parallel or form a 120° angle, the alkyl chains in carboxylic
acid SAMs have a strong energetic preference for being par-
allel. Also, the interaction between head-to-head acid termi-
nal groups of alkanes is more than three times larger than in
the alcohols, resulting in a very rigid, straight domain back-
bone that is normal to the chain direction. The postulated
head-to-head alignment of the acid groups in the middle of
the domain cannot be verified easily, since the predicted ap-
parent height of the acid terminal group in STM images of
monolayers is only slightly smaller than that of the alkane,
showing very little contrast.

V. DISCUSSION

The favored structure of bulk polymer melts at high tem-
peratures is known to depend largely on entropy. We believe
that the relevant degrees of freedom are largely frozen out
when polymers self-assemble to ordered monolayers on a
substrate, thus significantly reducing the configurational part
of entropy. We furthermore assume that other contributions,
including configurational entropy, may be nearly equal in
systems we compare, thus justifying a posteriori our discus-
sion of stability differences based on total energy calcula-
tions performed at T=0.

The formation of ordered overlayers of long chain al-
kanes and their derivatives on graphite out of their solution
in phenyloctane is a slow process. After an initial fast ad-
sorption stage, it takes several minutes at room temperature
to complete the ordering in the self-assembled monolayers.
Once a domain structure is formed, domain walls are ob-
served to move in time.8 Assuming that the presence of the
solvent does not affect the adsorption energy hierarchy in
Table I, the most stable structure at T=0 would consist of
infinite stripe domains. The favored lamellar structure of
long chain alcohols would be a 120° chevron pattern, locally
represented in Fig. 9�g�. In the corresponding structure of
long chain acids, the lamellae should be all parallel and
aligned normal to the domain walls, as seen in Fig. 9�d�. At
nonzero temperatures, configurational entropy should intro-
duce roughening of the domain walls. Moreover, the assump-
tion that the solvent does not affect the adsorption geometry
hierarchy is not very well founded, since the adsorption en-
ergy of phenyloctane molecules on graphite is only slightly
smaller than that of alkanes and their derivatives of a com-
parable size. Thus, the real SAM patterns may deviate on
energy and entropy grounds from the T=0 equilibrium struc-
ture.

In reality, the origin of the complex patterns in Figs.
11�a� and 11�b� is only partly related to stability issues, since
the relatively slow self-assembly process has an important
kinetic component. Alkane chains are likely to adsorb simul-
taneously at different substrate locations and assemble to do-
mains that grow in size, until they hit the next domain. At
this moment, the two domains will attempt to minimize the

interface energy by local rearrangements. Since the assembly
process is relatively slow, we expect these rearrangements
not to yield the globally optimized structure. In general, we
expect an energy-related compromise structure of the adsor-
bate layer subdivided into large domains with straight edges.
Energetic compromises, resulting in a complete monolayer
coverage, may include unfavorable adsorbate orientation, in-
cluding the S-oriented domains �1� and �2� in Figs. 11�a� and
11�b� that may form under lateral pressure. Rather than form-
ing void islands, the system may accept the formation of
energetically unfavorable domain wall boundaries, such as
that between domains �2� and �3� in Figs. 11�a� and 11�b�.

As mentioned above, the strong interaction between
head-to-head terminal groups of long chain acids favors only
one domain structure with all chains parallel and the domain
boundaries normal to the chain direction. Due to the high
stability and rigidity of this assembly, we expect straight
stripe domains to cover the entire sample, with diminished
effects of entropy, presence of the solvent, or kinetics. In-
deed, the pattern observed in Fig. 11�c� is nearly free from
defects and is identical to the optimum structure expected at
T=0.

VI. SUMMARY AND CONCLUSIONS

In summary, we combined scanning tunneling micros-
copy observations with ab initio calculations to study the
self-assembly of long chain alkanes and their derivatives on
graphite. We identified the optimum adsorption geometry of
polyethylene, long chain alkanes, alcohols, and carboxylic
acids on graphite. Calculated adsorption energies in different
arrangements were used to predict the optimum structure of
self-assembled monolayers. Theoretical predictions for STM
images of optimized adsorbate overlayers were compared to
the experimental data for docosane, docosanol, and
docosanoic acid on graphite. Our total energy results pro-
vided a sound base for interpreting the observed domain wall
structure in the self-assembled monolayers. In particular, we
found that the observed domain wall structure in docosanol
SAM superstructures should vary from sample to sample,
since kinetic processes are as important as structural stability.
In docosanoic acid SAM superstructures, the interaction be-
tween COOH terminal groups at the domain wall boundary
is much stronger, resulting in patterns reflecting the globally
optimized structure, with no sample-to-sample domain varia-
tion. These results can be directly used when designing tem-
plates to be used in template directed nanoassembly and
transfer processes. Finally, since nearly any nanoparticle can
be attached to long chain molecules, including those de-
scribed here, self-assembly of such molecules or polymers
provides an efficient means to prepare ordered arrays of uni-
formly spaced nanoparticles.
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