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Abstract: Surface topography and work function maps were simultaneously obtained for carbon surfaces
modified by a dendritic molecule: 3,5-Bis ~3,5-dinitrobenzoylamino! benzoic acid. The dendrons were sponta-
neously assembled onto highly ordered pyrolytic graphite samples, exhibiting an increase in the surface
potential. This fact is consistent with the incorporation of an electron-acceptor functional group that remains
electroactive on the surface.
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INTRODUCTION

The interaction of metals with organic layers has received
considerable attention due to its importance in determining
the reliability and durability of many technological devices
and its relevance to future applications based on hybrid
organic/inorganic nanoscale systems ~Heimel et al., 2008;
Hughes & Engstrom, 2010; Bélanger & Pinson, 2011; Kim
et al., 2012!. In this context, surface modification by adsorp-
tion of molecules from solutions is a simple route to obtain
devices in a wide range of applications ~Hasobe, 2012!. Tai-
lored nanostructured surfaces having good control over the
morphology and other surface properties such as wettability,
roughness, chemical reactivity, hardness, etc. can be ob-
tained ~Florio et al., 2012; Xu et al., 2012b!. A common
approach to amplify the effective area and quantity of func-
tional groups is to graft dendritic molecules ~Love et al.,
2006; Peleshanko & Tsukruk, 2008; Park et al., 2011; Paez
et al., 2012!. On account of their controllable geometry, size,
and functionality, dendrons are of considerable interest for
surface modification and enlargement of active surfaces.
However, targeted control of surface architecture requires an
understanding of dendron/dendron and dendron/surface in-
teractions, as well as in-depth knowledge of the structure of
the dendrons in the solid state ~Paez et al., 2012!.

Supramolecular fabrications with two-dimensional net-
works are of great interest because such patterns provide the
possibility to immobilize functional guest molecules. Car-
bon materials are widely used for a vast range of applica-

tions, from charge storage to catalyst supports ~Cullen et al.,
2012!. Many of these applications rely on the ability to
control the interfacial properties of carbon. For example,
surface groups on carbon scaffolds can be used to anchor
biomolecules or nanomaterials to achieve complex function-
ality. Thus, atomically flat highly oriented pyrolytic graphite
~HOPG! surfaces are frequently chosen as substrates due to
their advantageous properties, such as good conductivity
and resistance to chemical or electrochemical attack ~Yilmaz
et al., 2009!. During self-assembly, hydrogen bonding, dipo-
lar or van der Waals interactions are always present as
competing forces to dominate the supramolecular order
~Klosterman et al., 2009; Xu et al., 2012a; Yang et al., 2012!.
A better understanding of noncovalent interactions will
lead to the improved ability to predict and control the
destiny of the surface-supported supramolecular layer ~Pa-
lermo & Samorì, 2007; Surin et al., 2007!. Hydrogen bonds,
as one typical noncovalent bond, have been proven to
be able to guide the self-assembly and to enhance the
stability of the layers ~De Feyter & De Schryver, 2003; Yoosaf
et al., 2009; Ramesh & Thomas, 2010!. For example, aro-
matic rings of 2,6-naphthalenedicarboxylic acid ~NCD! and
4,4-biphenyldicarboxylic acid ~BDC! molecules take the same
orientation as that of a HOPG substrate to get maximum p–p
attractive interactions between the adsorbed molecules and
substrate, but while the NDC molecules form an incommen-
surate structure, the BDC molecules form a commensurate
one ~Pei et al., 2010!. While the whole carboxyl group is invis-
ible on the HOPG surface, the carboxylic carbon is visible on
a gold one ~Pei et al., 2010!. In addition, the varying molecu-
lar orientation with the film thickness affects the evolution
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of the electronic properties ~Ivančo, 2012!. Two extreme ori-
entations are of particular interest: molecules with their mo-
lecular planes parallel or near parallel to the substrate surface
are referred to as lying oriented, while molecules with their
molecular planes and/or backbones parallel or near parallel
with the surface normal are oriented upright.

Kelvin probe force microscopy ~KPFM! is a scanning
probe microscopy method that provides us with the surface
potential of a layer ~Hoppe et al., 2005; Wei et al., 2010;
Melitz et al., 2011; Matis et al., 2012!. For example, it has
been used to obtain the local work function of many elec-
trodes from top-emitting organic light-emitting devices ~Kim
et al., 2011! and to show local voltage drops in graphene
sheets ~Yan et al., 2011!. The surface potential of a molecular
film is strongly related to its structure, terminal functional
groups, orientation, packing density, etc. ~Saito et al., 2001!.
Thus, depending on the way the molecules are polarized, a
double layer may be expected with either a positive or nega-
tive surface potential toward the vacuum. The modulation
of the surface density of states through self-assembly is a key
phenomenon for obtaining new materials with tuned work
functions. Interestingly, by appropriate choice of the mol-
ecules for functionalization, work function engineering can
lead to work function values higher or lower than that for
pristine materials. For instance, this could be of great inter-
est for adjusting the work function of transparent electrodes
to active layers in many optoelectronic devices ~Reddy &
Deepa, 2012; Spadafora et al., 2012!.

The nitro-terminated dendron: 3,5-Bis ~3,5-dinitroben-
zoylamino! benzoic acid ~D-NO2! spontaneously adsorbs
from mmol dimethylsulfoxide ~DMSO! solutions onto car-
bon surfaces forming separated aggregates at the first stages
and complete layers after only a few minutes ~Paez et al., 2009!.
In this article, we use atomic force microscopy ~AFM! to study
its assembly morphology and KPFM to simultaneously ob-
tain work function maps of the modified HOPG surface. The
effect of an electron-acceptor functional group in the layer is
evaluated through their electrical properties.

MATERIALS AND METHODS

Materials
The synthesis of dendron D-NO2 was performed following
Kakimoto’s procedure by using 3,5-diaminobenzoic acid and
3,5-dinitrobenzoyl chloride in DMAc ~Ishida et al., 2000; Paez
et al., 2008!. All other commercially available chemicals were
reagent grade and were used without further purification. All
solutions were prepared immediately before their use. Water
was purified with a Millipore Milli-Q system.

Scanning Probe Microscopy
AFM and KPFM images were acquired with a commercial
Nanotec Electronic System operating in tapping mode at
atmospheric pressure and room temperature. Acquisition
and image processing were performed using the WS � M
free software ~Horcas et al., 2007!. Budget Sensors Multi75E
cantilevers with an electrically conductive coating of 5 nm

chromium and 25 nm platinum on both sides of the tip,
resonance frequency in the range of 60–90 kHz, nominal
force constant in the range of 1–7 N/m, and radius smaller
than 25 nm, were used. Samples for analysis were prepared
by immersing fresh cleaved HOPG in a DMSO solution
containing D-NO2. They were subsequently rinsed with
copious volumes of ethanol and water, dried under nitrogen
flux and analyzed immediately. The experiment consisted of
using AFM and KPFM imaging of samples submitted to
different dipping times and concentrations.

RESULTS AND DISCUSSION

Dendron Layer Formation
AFM measurements were carried out to study the dendron
layers adsorbed on HOPG substrates, in order to obtain
topographical information, varying the incubation time and
concentration of the dendron solution. It was observed that
the surface is completely covered at concentrations higher
than 1 mmol/L, even at very short times of incubation
~time range in seconds! ~Paez et al., 2009!. Thus, samples
were prepared at low incubation times in dilute solutions
~0.1 and 1 mmol/L!, which were conditions where low to
intermediate coverage was obtained.

Figure 1a shows an AFM image of HOPG incubated
30 s in 1 mmol/L D-NO2/DMSO. Nanometer features due
to the adsorption of dendrons are observed. They appear
as both isolated and aggregated features. In tapping
mode, low tip–sample interactions allow the reproducible
and repetitive imaging of the same surface area without any
apparent distortion. It clearly shows the presence of islands
formed by aggregates that nucleate exhibiting a strong
interaction among them, and HOPG regions which remain
uncovered. In addition, D-NO2 molecules seem to decorate

Figure 1. a: Atomic force microscopy ~AFM! topographical image
~2,000 � 2,000 nm! of a modified highly ordered pyrolytic graph-
ite surface incubated in a 1 mmol/L D-NO2 solution for 30 s.
b: Surface roughness profile of the AFM image ~1,800 �1,800 nm!
shown in the inset. c: Structure of D-NO2 optimized in vacuum.
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mainly the upper side of the step-edge. The histogram of
the heights of the dendron structure obtained from the
inset image is plotted in Figure 1b and its calculated
molecular size using Gaussian software is depicted in Fig-
ure 1c. Assuming that bare HOPG has an average height
value of zero, D-NO2 height values range between 0.5 and
1.5 nm, which suggests different adsorption geometries and
likely different dendron–substrate interactions. In fact, the
most probable height of D-NO2 was found to be ca. 0.6 nm.
This indicates that dendrons tend to aggregate in a tilted
configuration favored by p–p stacking interactions be-
tween aromatic rings of neighbors themselves and with the
HOPG substrate.

Figures 2a–2c shows the surface topography obtained
after increasing the incubation time of HOPG in 0.3 mM
D-NO2 solution from 15 to 120 s. Although the formed
structures seem to change their size and shape along the
evolution, their height remains almost constant. The quan-

tity of aggregates increased with increasing adsorption time,
and larger domains of the dendron layer were formed.
Figure 2d exhibits the 3D image of a flooding analysis
performed to Figure 2a showing an occupied area of 42 6
4% of hills after an incubation of 15 s. For 60 s, the
occupied area grows up to 54 6 2%; reaching a value of
67 6 2% for 120 s ~Figs. 2e, 2f!. Similar trends are observed
for HOPG surfaces incubated in solutions where dendron
concentrations are increased at fixed incubation times
~Fig. 3!. In this case, an interesting organization is observed,
where molecules which form circles in the most diluted
stage ~Fig. 3a! seem to join by strong adsorbate–adsorbate
interactions that form a cross-linked network that main-
tains unchanged the shape of the formed structure after
incubation in a 1 mM dendron solution ~Fig. 3b!. For more
concentrated solutions, the network becomes distorted and
tend to disappear, exhibiting a sort of noncoalesced den-
dron layer ~Fig. 3c!.

Figure 2. Atomic force microscopy topographical images ~800 � 800 nm! of a modified highly ordered pyrolytic
graphite surface incubated in a 0.3 mmol/L D-NO2 solution at increasing times: ~a! 15, ~b! 60, and ~c! 120 s and their
corresponding 3D-flooding analysis images: ~d! 15, ~e! 60, and ~f! 120 s.

Figure 3. Atomic force microscopy topographical images ~1,000 � 1,000 nm! of a modified highly ordered pyrolytic
graphite surface incubated for 30 s at different D-NO2/DMSO solution concentrations: ~a! 0.3, ~b! 1.0, and ~c! 5.0 mmol/L.
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Kelvin Maps of Dendron Domains
The KPFM technique is a nondestructive procedure for
investigation of molecular electrical properties that measure
surface distribution of the potential. The technique is highly
sensitive to the presence of surface dipoles, in particular for
organic molecules ~Hattori et al., 2010!. Although KPFM
has a superb sensitivity to measure variation of the poten-
tial along a surface, the absolute measurement of surface
potential needs knowledge of the work function of the
probe. Thus, calibration of the KPFM probe on a sample
with a well-defined work function is required. Therefore,
two measurements are needed, a first one over a reference
surface and a second one over the sample under study
~Melitz et al., 2011!. In this article, the known work func-
tion surface of a bare HOPG surface ~Melitz et al., 2011! is
used as a reference. The corresponding KPFM images after
the incubation of HOPG surfaces in D-NO2 solutions allow
us to report a general increase of the surface potential in the
positions occupied by the nitroaromatic-ended dendrons.

Morphology and surface potential images are shown in
Figure 4. As expected, it is known that the spatial resolution
in the Kelvin map is lower than in the topography image
due to the longer range of electrical forces relative to Van
der Waals forces. In measuring electric and magnetic forces
with an AFM, one needs to be sure of its origin, mainly
when topographic and potential ~magnetic! images have the
same aspect, as in this work. The disappearance of step-
edges in the KPMF images ~see Figs. 4b, 4d! is clear evidence
of its electrostatic origin, since different heights due to
step-edges do not originate different potentials.

The dark and light domains in the KPFM images,
Figures 4c and 4d, correspond to low and high surface
potentials in each sample, respectively. Note that the Kelvin
maps are not as heterogeneous, with values of the Kelvin
voltage varying between �0.020 and 0.020 V. Thus, the
surface potential for the dendron film was ca. 0.040 V more
positive than that of the HOPG substrate for a sub-
monolayer deposit, whereas the difference grows up to
0.110 V for complete coverage layers ~not shown!. At this
point, it is important to note that the change in the surface
potential is related not only to the chemical composition of
the layer, but also to its structure. Using HOPG as the
standard reference surface for work measurements in air, we
use the literature value of WFo � 4.475 eV as the reference
value ~Hansen & Hansen, 2001!, in order to estimate the
average dendron covered surface work function in 4.515 to
4.585 eV depending on the incubation time.

CONCLUSIONS

Surface topography and work function images were simulta-
neously obtained by using AFM and KPFM techniques. The
AFM images obtained after the incubation of HOPG sam-
ples in D-NO2/DMSO showed the formation of a network
film with embedded aggregates that completely covered the
HOPG surface. The average height suggests a tilted preferred
adsorption for the molecules, as well as a preferential upper
side-step decoration. Increasing either the incubation time
or the dendron concentration, the quantity of both network
and aggregates increased. The corresponding KPFM images
show a general increase in the surface potential in the posi-
tions occupied by the nitroaromatic-ended dendrons, as
expected for the incorporation of an electron-acceptor func-
tional group onto the surface. We believe that these results
may be helpful in the design of nanoscale electronic and
optoelectronic devices by using nitro-ended dendrons.
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