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A B S T R A C T   

The interaction between metals and organic layers is currently a hot topic due to its relevance in future appli
cations based on hybrid organic/inorganic systems at the nanoscale. This work studies the surface modification 
of HOPG and gold substrates by spontaneous adsorption of aryl-dendrons based on either 3,5-bis(3,5-dinitroben
zoylamino) or 3,5-bis(3,5-diaminobenzoylamino) benzoic acids at fully controlled conditions. KPFM is used to 
assess the local work function variations upon assembly. A correlation between changes in work function values 
and spatial ordering of the adsorbates is observed. The aryl-dendrons interact with graphite surfaces through π-π 
stacking, allowing the formation of ordered layers. Due to depolarization effects, these films cause changes in the 
local work function values that are smaller on graphite surfaces than on gold substrates. Furthermore, the 
presence of molecular aggregates driven by intermolecular hydrogen bonding for the case of amino function
alized surfaces has a direct impact on the local work function, which varies depending on whether the areas are 
partially covered or densely packed. DFT calculations were performed in order to gain a deeper understanding of 
the correlation between the work function variations and the orientation of the effective molecular dipole 
moment due to the underlying molecular structures of the adsorbed layer.   

1. Introduction 

Thin films made of organic molecules are extensively used in the 
fabrication of micro and macroscopic devices such as chemical sensors 
[1,2], solar cells [3,4], organic field effect transistors [5,6], and organic 
light emission diodes [7,8]. For instance, in the case of microelectronic 
devices its applicability relies on the decrease of the work function (WF) 
of the metal and/or semiconductor contact interfaces, in such a way to 
facilitate the extraction of electrons from the electrical contacts. The 
exhaustive control of the electronic properties at the organic layer/ 
metal interface is a key issue in all of these applications, as well as the 
comprehensive understanding of the chemistry and/or physics behind 
the occurring phenomena. 

The WF of a metal, that is, the energy required to move an electron 
from the Fermi level of the metal to just outside the solid, has two 
contributions: one that originates from the bulk chemical potential 

inside the solid, while the other comes from the electrostatic potential 
across the interface, also called “surface dipole” [9]. When a molecule is 
adsorbed on a metallic surface, it can modify the surface WF either via 
the so-called “pushback or pillow effect” by adding or subtracting the 
molecular dipole moment to the surface dipole (for molecules with a 
permanent or induced one), or by transferring charge from the substrate 
to the molecule or vice versa. While the pushback or pillow effect is 
always present, the other contribution may or may not occur. These 
changes of the interfacial properties may depend on several factors, such 
as molecular orientation or conformation, packaging density, order and 
disorder, defects in films, and grain boundaries [10,11]. Research in this 
area extends to different aspects, such as functional groups [12,13], 
thickness-dependent surface potential related to variations between the 
lying-down and tilted molecular packing configurations at the interface 
[14,15], molecular lengths [16], molecular backbones, anchoring 
groups [17,18], among others. 
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Kelvin Probe Force Microscopy (KPFM) is a spatially-resolved and 
powerful technique to exploit surface potentials and local WF. This 
technique provides images of the local contact potential difference 
(CPD), which is the result of minimizing the electrostatic force (or its 
gradient) between the tip and the sample by applying a dc-voltage (Vdc) 
at each image point. Thus the Vdc corresponds to the CPD and it is 
directly related to the WF difference between the tip and the sample 
[11]. The magnitude of the CPD depends on the tip material and char
acteristics. However, when different surface regions are investigated 
with the same probe, the tip potential may be regarded as the CPD 
reference electrode, which allows the relative comparison of CPD values 
recorded on two different functionalized regions of a sample. To clarify 
the scope of the technique, an interesting contribution on this field was 
reported by Biere et al. [19]. By combining high-resolution topographic 
atomic force microscopy (AFM) data with the simultaneously acquired 
local WF signal, and considering its dependence with the direction of the 
molecular dipole moment, they were able to successfully determine the 
spatial direction of the adsorption of terphenylthiol self-assembled 
monolayers on Au(111) and Ag(111) surfaces [19]. 

Dendrons are the wedged-shaped sections of dendrimers and possess 
some interesting and useful characteristics. These polymers exhibit 
structural integrity and homogeneity, with a well-defined internal cavity 
that has the possibility of encapsulating another molecule, and multiple 
terminal groups, which favour their interaction with the environment 
[20]. Similar to dendrimers, dendron molecules present the physico
chemical phenomenon known as “the dendritic effect” [21], though 
from a synthetic point of view are more cost-effective. Surface modifi
cation using dendrons offers significant advantages over other polymers, 
mainly favoured by its properties. For example, dendrons could induce 
changes on hydrophobicity or hydrophilicity [22] of a surface, making it 
more biocompatible [23] or improving its response to external stimuli 
[24,25]. 

Previously, our group has worked on the adsorption of 3,5-bis (3,5- 
dinitrobenzoylamino) benzoic acid (G1-NO2) on HOPG. The physico
chemical and electrical properties of these dendron layers were evalu
ated by electrochemical techniques [26] and KPFM in air [27]. In a 
subsequent study, this was extended to a second generation of nitro 
dendrons (G2-NO2) [28]. Both generations showed the formation of a 
densely packed monolayer after incubation for a few minutes. More 
recently, the first generation of the amino dendron (G1-NH2) was 
studied on HOPG, reporting the results comparatively with respect to 
those of G1-NO2 [29]. The differences in the adsorption behaviour were 
attributed to the H-bonding interactions which occur only for the amino 
derivative [29]. The effect on the WF changes was also evaluated 
comparatively, presenting opposite effects according to the electron 
acceptor/donor characteristics of the peripheral groups of the dendrons 
studied [29]. 

In the present work, we report the adsorption of G1-NO2 and G1-NH2 
dendrons on HOPG and Au surfaces under fully controlled conditions, 
which include low humidity, annealing of the substrate prior to the 
modification, and an additional heating process post-modification in 
order to promote migration and reorganization of the films. The surface 
rearrangement, coverage degree, and dipole layer formation were 
evaluated by AFM and KPFM techniques. Interestingly, it was found that 
intermolecular interactions have a great influence on the final results, 
since they are closely related to the detailed surface distribution of 
dendrons. Density functional theory (DFT) calculations were also per
formed to gain additional insight and understanding of the experimental 
observations. 

2. Experimental section 

2.1. Materials 

G1-NO2 and G1-NH2 dendrons were synthesized following the 
Kakimoto’s procedure [30,31]. Dendron solutions were prepared 

immediately prior to their use in dimethylsulfoxide (DMSO). Water was 
purified with a Millipore Milli-Q system. All the reagents are of 
analytical grade and were used without further purification. Each 10 
mm × 10 mm × 1 mm HOPG substrate (SPI Supplies) was exfoliated 3 or 
4 times, annealed at 520 K for 2 h, and cooled in a nitrogen atmosphere 
prior to its use. Alumina silicate glass substrates coated with 100 nm 
thick-Au films (purity 99.999%) from Platypus Technologies were also 
annealed at 520 K for 2 h prior to surfaces modification. 

2.2. Surface modification 

The HOPG samples were prepared inside the N2 glove-box, where 
they were cleaved successive times and then underwent a first annealing 
process. Subsequently, the freshly cleaved and annealed samples were 
partially incubated in a DMSO solution containing 2 mM of either G1- 
NO2 or G1-NH2 for 60 min in the pre-chamber of the N2 glove-box. The 
derivatized surfaces were then rinsed with copious volumes of ethanol 
and water, dried under a nitrogen flux, introduced into the N2 glove-box 
to ensure an inert and moisture-free atmosphere, and annealed again at 
520 K for 2 h. In this way, two distinct regions were generated over the 
surface of the samples, which were explored: a pristine HOPG, called 
from now on region I, and a dendronized-HOPG area pointed out as 
region II (see Scheme 1). Surface modification of Au-coated glass slides 
were carried out following a similar procedure to that of HOPG, but 
employing incubation times for more than 12 h in order to achieve a 
complete monolayer [31]. 

2.3. Instrumentation 

AFM and KPFM images were acquired with a commercial Flex-Axiom 
AFM microscope using a C3000 control electronics system from Nano
Surf and a look-in amplifier HF2 from Zurich Instruments, which served 
as an external Kelvin controller. All the measurements were carried out 
in a N2 glove-box (H2O < 0.1 ppm and O2 < 0.1 ppm). The KPFM images 
were collected in a single pass mode with amplitude (AM) modulation. 
In this configuration, both topography and KPFM images, from now on 
called contact potential difference (CPD) images, were obtained simul
taneously using the first and second resonance of the AFM cantilever 
[11]. For all reported data, we employed a single Pt/Ir5-coated PPP- 
NCLR cantilever (Nanosensors) with a fundamental resonance fre
quency of f1 = 160 KHz, which was utilized for the topographic acqui
sition. The second resonance frequency of the cantilever (f2 = 1035 KHz) 
was used for KPFM measurements. During image acquisition, the 
cantilever oscillation amplitude was kept constant by a feedback 
controller at a set point of 75–85%. In the Flex AFM system both the AC 
(excitation voltage of 500.0 mV) and DC voltages were applied to the 
sample so that the WFS (sample work function) equals the sum of the 
WFT (tip work function) and CPD. During KPFM measurements, 
different regions of the samples were explored by the same tip, thus 
changes on CPD can be directly associated with variations in the local 
WF. The processing and analysis of images were done using free soft
ware’s Gwyddion® [32] and WSxM [33]. 

2.4. Theoretical methods 

A full conformational search for G1-NO2 and G1-NH2 was performed 
using a normal-mode analysis in bond-angle-torsion coordinates fol
lowed by an energy minimization with the Dreiding force field, as 
implemented in the Vconf software suit [34]. The two most stable con
formers of each dendron were re-optimized at the DFT level using the 
Becke-Lee-Yang-Parr (B3LYP) functional and a 6-31G(d,p) base, as 
implemented in Gaussian 09 [35]. A full normal-mode analysis was 
performed to check that these structures are local minima in the 
conformational space. 

The interaction of the G1-NH2 conformers with graphite was 
explored by means of periodic boundary conditions calculations as 
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implemented in Quantum Espresso [36]. The generalized gradient 
approximation (GGA) functional developed by Perdew, Burke and Ern
zerhof (PBE) [37] in conjunction with projector augmented wave (PAW) 
pseudopotentials method were employed. Each conformer was adsorbed 
on graphite, modelled by two 15.6 Å × 28.3 Å (192 atoms) graphene 
layers and 29.25 Å of vacuum in the direction perpendicular to the 
surface, in order to avoid spurious interactions between periodic images. 
For these calculations, cutoff values of 45 Ry (ca. 612 eV) and 270 Ry 
(ca. 3673 eV) were used for the plane wave expansion and the electronic 
density, respectively. The Brillouin zone was sampled employing a 3 × 3 
× 1 irreducible Monkhorst-Pack [38] k-point grid. Geometry optimiza
tion was performed using the Broyden-Fletcher-Goldfarb-Shanno 
(BFGS) algorithm with the atoms of the bottom layer fixed. Spin- 
polarization was considered in all calculations, and Van der Waals in
teractions were taken into account using a Grimme’s DFT-D dispersion 
method [39]. The simulation cell analysed models a low coverage 
adsorption situation, in which intermolecular interaction can be 
neglected. 

The change in WF (ΔΦ) and height (h) of the adsorbed molecule on 
the surface were determined from a single point calculation and using 
only the Γ-point for the Brillouin zone. A dipole correction in the di
rection perpendicular to the surface was included in order to compen
sate for spurious electrostatic interactions. For these calculations, 3 
more layers were added to the optimized geometries with 2 layers of 
graphene, bringing the system to a total of approximately 1000 atoms. 
Furthermore, the vacuum was also increased to 48.6 Å. 

3. Results 

3.1. G1-NO2 layer 

The adsorption of G1-NO2 dendrons on HOPG, from exploring the 
electrochemical behavior through the electro-active nitroso/hydroxyl
amine couple, was previously reported by our group [26–28]. G1-NO2 is 
physisorbed on the carbon surface favoured by π-π stacking interactions 

between the aromatic rings of the dendrons and the benzene ring 
structure of HOPG [26,27]. As the adsorption is rapid, leading to the 
formation of monolayers within a few minutes, a complete dendron 
layer is expected after the modification process is carried out [26,28]. By 
applying heat for 2 h in a further annealing process, the reorganization 
of the dendritic layer leads to the formation of a regular and ordered 
film, stabilized by adsorbate–adsorbate and adsorbate–substrate π-π 
stacking interactions. 

The topographic and CPD images of different regions of a HOPG 
sample are shown in Fig. 1. In region I, the pristine HOPG surface pre
sents the typical structure of terraces separated by steps, some of these 
terraces are reflected in the CPD image with well-defined edges (Fig. 1a). 
A slight variation in contrast between the terraces is also observed, 
probably due to the presence of atmospheric contamination [40]. In 
region II, a monolayer of G1-NO2 dendrons cover entirely and uniformly 
the surface (Fig. 1b). The typical HOPG steps that are perceptible in the 
topographic image are not observed in the CPD image, where almost the 
entire surface exhibits the same contrast associated with a similar sur
face potential. The profile acquired along the black line depicted over a 
dendrons covered terrace in the image shown in (Fig. 1c) allows us to 
visualize in a defective discovered area of the film that the dendritic 
monolayer has a height of (0.8 ± 0.2) nm approximately, in good 
accordance with the estimated thickness of the layer (see Suppl. 
Material). 

In order to analyse changes in WF upon dendrons adsorption, the 
histograms acquired from the CPD images of pristine (region I) and NO2- 
modified HOPG (region II) are depicted in Fig. 2(a). Both histograms 
show no significant differences, thus functionalizing HOPG surfaces with 
nitro-dendrons does not produce any perceptible effects on the surface 
potential, although it helps to maintain a uniform potential on it, as 
explained above when analysing CPD images. It should be mentioned, 
that CPD values herein are different from results previously published by 
us that showed an increase of 90 mV of the CPD [29]. In our previous 
work, the layer was prepared by incubation of HOPG in 1 mM G1-NO2/ 
DMSO solution for 15 min, rinsed with ethanol and MQ water, dried by 

Scheme 1. Schematic drawings of the functionalization of HOPG and Au surfaces.  
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N2-flux and immediately used at atmosphere ambient. In this work, the 
films are prepared under fully controlled conditions, which include low 
humidity, annealing of the substrate prior to the modification, and an 
additional heating process post-modification in order to promote 
migration and reorganization of the films. Thus, the difference is related 
to the distribution of the dendrons over the surface. After the annealing 
process a further reorganized layer is presented and the distribution of 
its dipole moments changes the substrate work function differently 
compared to a non-annealed layer. 

Two stable configurations of G1-NO2 molecules were obtained from 
DFT calculations: one planar or flat extended with a slight twist in one of 
the arms, and another horseshoe-shaped, which are schematically rep
resented in Fig. 2(b). Some relevant molecular dimensions and the 

values of the dipole moments assigned for each case in vacuum are also 
shown. The calculated dipole moment of the planar conformation, 
which is the energetically most stable conformer, is 1.6 D with a di
rection almost parallel to the branched line of the molecule, whereas for 
the horseshoe-shaped conformation, which is 0.45 eV less stable than 
the planar one, the dipole vector resulted almost perpendicular to the 
central aromatic of the molecule with a magnitude of 8.50 D. 

By considering the height of the dendritic layer estimated from the 
AFM profile, it can be presumed that dendrons are adsorbed in the 
planar configuration perpendicular to the surface. Two possible 
adsorption situations may then occur, which are depicted in Fig. 2(c). 
The first one is the result of dendron molecules arranged in an inverted 
way to each other, exposing both nitro and carboxylic groups towards 

Fig. 1. Topographic AFM and CPD images (2000 nm × 4000 nm) acquired in region I (a) pristine HOPG, and region II (b) modified HOPG by incubation in a 2 mM 
G1-NO2/DMSO solution for 1 h. (c) Topographic AFM image (2000 nm × 2000 nm) of region II and the corresponding plot of the profile acquired along the line in 
the image. 

Fig. 2. (a) Histograms obtained from the CPD images shown in Fig. 1(a-b). (b) Schematic drawings of the spatial arrangement of two stable configurations of G1-NO2 
dendrons with their relative distances and dipole moments in vacuum. (c) Possible spatial arrangements of the molecules considering the estimated height of 
the layer. 
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the dendron/air interface. In this configuration, the z components of the 
dipole moment practically cancel each other, a situation that would not 
substantially modify the surface WF. The second configuration exposes 
only nitro groups to the dendron/air interface. This configuration can 
then be analysed in terms of a set of dipoles with the negative compo
nent pointing towards the G1-NO2/HOPG interface. Since the magnitude 
of the dipole is rather small, such an arrangement would cause a slight 
decrease in the superficial WF, a fact that was not observed in the KPFM 
images. A possible explanation is that the high degree of order of the 
dendron layer on the surface of HOPG leads to a depolarization process, 
decreasing the effective dipole moment of the molecules, and conse
quently generating the same effect on the WF [41,42]. 

The adsorption of G1-NO2 dendrons onto Au surfaces was previously 
reported by Paez et al [31,43]. The adsorption is not as rapid as in the 
case of HOPG substrates, requiring longer incubation times (overnight) 
for an effective dendron adsorption. Unlike HOPG, Au surfaces cannot 
induce ordering in the dendritic layer because of the absence of π-π 
stacking interactions between the adsorbate and the substrate. Since 
dendron molecules should organize on Au surfaces only by π-π stacking 
interactions between neighbouring adsorbates, a comparison among Au 
and HOPG substrates raises an interesting question with regards to how 
the dendron layer structure affects the surface electronic properties. 

The topographic AFM and CPD images of bare Au (region I) are 
shown in Fig. 3(a). The clean surface, reconstructed after annealing, 
presents the typical triangular structures of Au(111). The CPD image 
reflects the edges of the formed structures, presenting a uniform contrast 
over the terraces. Similarly, Fig. 3(b) shows the topographic AFM and 
CPD images acquired on region II after the adsorption of G1-NO2 den
drons. Although the topography resembles the bare surface, it does not 
allow differentiating in detail the dendritic monolayer due to the great 
surface roughness of the sample. On the contrary, the CPD image reveals 
the WF changes produced by the functionalization of Au surfaces. The 
edges of the minor structures are lost, presenting a surface with a uni
form contrast. The histogram from CPD image after dendrons adsorption 
on Au exhibited a maximum shifted ca. 0.29 V compared to the corre
sponding one of bare Au. This is indicative of an increase in the WF after 
adsorption, which can be mainly associated with changes in the surface 
dipole moment influenced by the presence of an effective dipole moment 
of the dendritic molecules. 

Several configurations can be considered for the adsorption of nitro- 

dendrons on Au. For the case of the planar conformer, three possible 
geometries are expected: either parallel or perpendicular to the surface 
and, in the last case, the interaction with the surface can be mediated by 
the carboxylic or the nitro groups. The component of the dipole moment 
in the z direction of the first configuration would be very small, 
rendering a minimal change in the WF. The z component of the dipole 
moment of the perpendicular geometry would be larger than the pre
vious one, but < 1.6 D. Taking into account the interaction of the car
boxylic group, there would be a negative charge density at the G1-NO2/ 
Au interface and a positive charge density at the air/G1-NO2 interface, 
thus causing a decrease in the WF. On the other hand, the charge den
sities would be inverted for the perpendicular geometry interacting with 
the nitro groups, causing an increment in the WF. If we consider the 
horseshoe-like conformation, with a dipole moment of ca. 8.5 D in 
vacuum, the interaction with the surface can be mediated either by the 
nitro or the carboxylic group and the central ring. The adsorption 
through the nitro groups would lead to a negative charge build-up at the 
G1-NO2/Au interface and a positive charge density at the air/G1-NO2 
interface, thus leading to a rather large decrease in WF, whereas an 
adsorption through the central ring and the carboxylic group would 
result in a positive charge density at the G1-NO2/Au interface and a 
negative charge density at the air/G1-NO2 interface, resulting in an 
increment in the WF. 

Notably, it has been reported that p-nitrobenzoic acid interacts with 
gold surfaces preferably through the oxygen atoms of the carboxylic 
group [44], which leads us to propose that dendrons adsorption occurs 
mainly in a horseshoe-like configuration. It has a dipole moment in 
vacuum greater than 8 D, which causes an increase in the WF, and also 
stabilizes the structure by π-π stacking interactions between the lateral 
rings of neighbouring adsorbates. 

3.2. G1-NH2 layer 

The adsorption of G1-NH2 dendrons on HOPG was recently reported 
[29]. G1-NH2 is physisorbed on carbon surfaces favoured by π-π stacking 
interactions between the aromatic rings of the dendrons and the benzene 
ring structures of HOPG. Additionally, the presence of amino groups on 
the periphery thereof enables H-bonding formation between neigh
bouring adsorbates, leading to compact and ordered regions. This situ
ation is favoured at long incubation times or at high dendron 

Fig. 3. Topographic AFM and CPD images (4000 nm × 4000 nm) acquired in region I (a) bare Au surface and region II (b) modified-Au after an overnight incubation 
in a 2 mM G1-NO2/DMSO solution. (c) Histograms acquired from the CPD images of bare and nitro-modified Au regions I and II. 
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concentrations. 
The topographic and CPD images of different regions of a HOPG 

sample, i.e. with and without a G1-NH2 dendrons modification, are 
shown in Fig. 4. Region I, corresponding to clean pristine HOPG, exhibits 
a large number of terraces as a result of the sample exfoliation with 
different contrasts at the edges of the steps in the CPD image, although 
the terraces present a uniform tone (Fig. 4(a)). Region II, corresponding 
to the surface modified with amino dendrons, presents areas with 
different degrees of coverage (Fig. 4(b)). At least three types of quite 
distinct areas are observed, one which shows a partially covered layer 
with some isolated deposits (from now on named as sub-region 1), a 
second one with structures in the form of interconnected fibbers (sub- 
region 2), and finally, the third one showing a fully covered layer (sub- 
region 3). The CPD image exhibits distinguished tones for each of the 
three areas mentioned above. Compact layers (or monolayers) of den
drons present dark contrast in the CPD image, while the brightest one 
correspond to isolated deposits on the HOPG surface. Areas with inter
connected fibber-like structures have also a brighter tonality, but in
termediate between the other two sectors. The image acquired in high- 
resolution and its profile taken along the straight line, allows us to 
visualize in detail the morphologies and heights of each of these three 
mentioned areas (Fig. 4(c)). While the dendritic compact layer of region 
3 presents an estimated height of (0.8 ± 0.2) nm, the neighbouring area 
(region 2) formed by the interconnected fibber-like structures presents 
an average height of (1.1 ± 0.2) nm with some exceptional fibbers of 
ca.1.5 nm. In region 1, the isolated deposits heights are between 0.8 and 
1.6 nm (see additional information in Supplementary Material). 

Topographic 3D-AFM images with CPD contrast images overlapped 
and the corresponding histograms obtained from CPD images of pristine 
and G1-NH2-modified HOPG are shown in Fig. 5. The histogram of the 
surface functionalized with amino dendrons exhibits three maxima 
associated with the same number of sub-regions over the sample surface, 
with distinct morphological characteristics already described above. 

While sub-region 1, brighter and with a minimum degree of coverage, 
has the highest CPD values, and sub-region 2 is associated with inter
mediate CPD values, the most densely populated and compact sub- 
region 3, is associated with the lowest CPD values. Sub-region 1 pre
sents the maximum CPD value at 0.380 V, sub-region 2 at 0.309 V, and 
sub-region 3 at 0.192 V. Pristine HOPG surface presents a maximum CPD 
value at 0.253 V, thus, an increase in the WF of the system after den
dronization is observed in sub-regions 1 and 2, while a decrease is 
observed in sub-region 3, related to the densely packed layer. 

Therefore, in stark contrast to what was observed for the nitro den
drons, HOPG surfaces modified with amino dendrons show significant 
changes in the superficial WF. Notably, these differences can be corre
lated with topographic changes of the surface. The main reason behind 
this observation is most likely related to the coexistence of distinct types 
of interactions, such as π-π stacking between adsorbate–substrate and/or 
between adsorbate–adsorbate, and intra or intermolecular H-bonding, 
the latter being a driving force that favours the formation of molecular 
aggregates, fibbers, or multilayers, even before the formation of the 
complete monolayer, among others [29]. 

Fig. 6 shows the average heights associated with the different 
structures observed in sub-regions 1, 2, and 3, respectively, as a function 
of the maxima CPD values. The insets show AFM images of each sub- 
region allowing for a better visualization of the types of structures 
formed in each case, i.e. fibbers, monolayers, multilayers, or isolated 
agglomerates. 

Similar to G1-NO2 data, the full conformational search of G1-NH2 
molecules was done and the two most stable configurations are pre
sented in Fig. 6(b). The planar conformation turned out to be more 
stable than the horseshoe-shaped one by 0.41 eV, where a nitrogen atom 
mediated H-bond has been identified as the main stabilizing factor for 
this conformer. The calculated dipole moment of the planar conforma
tion is 10.08 D with a direction almost parallel to the central aromatic 
ring, whereas for the horseshoe-shaped conformation the dipole vector 

Fig. 4. Topographic AFM and CPD images (2000 nm × 4000 nm) acquired in region I (a) pristine HOPG and region II (b) modified HOPG by incubation in a 2 mM 
G1-NH2/DMSO solution for 1 h. (c) High-resolution topographic AFM image (2000 nm × 2000 nm) of region II and the corresponding plot of the profile acquired 
along the straight line in the image. 
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resulted to be perpendicular to the central aromatic ring of the molecule 
with a value of 4.40 D. Taking into account the heights in each sub- 
region and the effect on the WF, different configurations for the 

adsorption of the G1-NH2 molecules on the HOPG surface are proposed. 
The sub-region 1 of isolated agglomerates with heights between 0.8 and 
1.6 nm can be represented by the configuration schemed in Fig. 6(c) 

Fig. 5. CPD data overlapped on 3D-AFM images (3000 nm × 3000 nm) of (a) pristine HOPG and (b) G1-NH2-modified HOPG. (c) Histograms corresponding to the 
statistical analysis of the CPD images of pristine HOPG and G1-NH2/HOPG. The difference between each peak of the functionalized and pristine HOPG surfaces is 
also indicated. 

Fig. 6. (a) Average heights of the structures observed in the three different sub-regions of the G1-NH2/HOPG surface as a function of the maxima CPD values of each 
one. Insets: AFM images (600 nm × 600 nm) of each sub-region. (b) Schematic drawings of the spatial arrangement of two stable configurations of G1-NH2, with their 
respective relative distances and dipole moments in vacuum. (c) Possible spatial arrangements of amino-dendrons on HOPG considering the average heights of the 
structures observed in each sub-region. 
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(right), where the molecules either in their flat or horseshoe structure 
configurations form the isolated deposits, interacting with the substrate 
through the amino groups. The increase in the WF implies that the 
dipole moment of the dendron molecules is larger than the surface 
dipole moment of HOPG, presenting a positive charge density at the G1- 
NH2/HOPG interface and a negative charge density at the air/G1-NH2 
interface. Sub-region 2, of the interconnected fibber-like structures of 
ca.1.5 nm height, can be represented by the flat or planar vertical 
structure, as shown in the scheme of Fig. 6(c) (center). Fibber-like 
structures are favoured by π-π stacking interactions between the aro
matic rings of the adsorbates, and also by the formation of H-bonding 
between neighbouring molecules, showing certain anisotropy on the 
surface of this sub-region. Although the molecular dipole moment con
tains a significant z-component, depolarization phenomena associated 
with the order of the layer decreases the effective dipole moment, 
causing a slight increase in the WF [41,42]. The sub-region 3, which 
exhibits a higher degree of ordering, compaction, and structural uni
formity, is represented by the adsorption of dendrons in the horseshoe 
configuration, which exposes the amino groups to air, as shown in Fig. 6 
(c) (left). This last configuration is stabilized by π-π stacking interactions 
between the adsorbates and the substrate, and strengthened by π-π 
stacking and H-bonding interactions between neighbouring adsorbates. 
The horseshoe structure presents a dipole moment with a negative 
charge density towards the G1-NH2/HOPG interface and a positive 
charge density at the air/G1-NH2 interface, leading to a slight decrease 
in the WF of sub-region 3. 

In order to gain further insight into the possible configurations, the 
interaction of the two conformers adsorbed on graphene layers, resem
bling the experimental adsorption of G1-NH2 molecules onto sub-region 
1, 2, and 3 of HOPG was explored by means of periodic boundary con
ditions calculations at the DFT level. The simulation cell employed 
mimics a low coverage adsorption situation, in which molecule
–molecule interactions can be neglected. For the horseshoe-shaped 
conformer the stable adsorption geometry in which the central aro
matic ring sits parallel to the surface was analysed (Fig. 7(a)). On the 
other hand, for the planar conformer two possible adsorption geometries 
were explored, as shown in Fig. 7(b) and 7(c). 

The relative adsorption energies (ΔEads) for each adsorbate, reported 
in Table 1, were calculated as the difference in the total electronic en
ergy with respect to the most stable geometry in vacuum conditions, 
which turned out to be the planar conformer adsorbed parallel to the 
carbon surface (labelled as (b) in Table 1). 

In order to assess the magnitude of the contribution of the dipole 
arising from molecule-surface charge transfer, Voronoi population 
analysis on the adsorbates was performed considering the contributions 
from the molecule and surface. As it can be gathered from the data 
shown in Table 1, Voronoi population of the molecule and surface for 
adsorbates (a)-(c), charge transfer from the surface to the molecule is 
small (in the range of 0.2–0.4 e), thus it is safe to assume that the surface 
dipole contribution to the work function change is negligible. 

Fig. 8 illustrates the changes in the electrostatic potential across the 

slab. Flat energy regions near the edges correspond to vacuum levels in 
our model. The zero energy is set at the Fermi level of the system. In this 
setting, the left-hand-side vacuum-level position is considered the work 
function of clean graphite (Φgraph). The position of the right-hand-side 
vacuum-level relative to that of the left one, is the WF change (ΔΦ) 
due to the molecule adsorption. It is noteworthy that for our calculations 
the WF of pristine graphite is ca. 4.3 eV, in excellent agreement with 
values reported in the literature for the same number of layers [45]. The 
height (h) of the adsorbed molecule is determined as the difference in z 
between the position of the center of the top-most carbon layer and the 
region in which the average electronic density is < 0.001 e/Å3. 

The corresponding values for ΔΦ and h for all the adsorbates are 
summarized in Table I. The electronic density and electrostatic potential 
profiles for the different adsorbates of the planar conformer are illus
trated in Figure S7 of the Supplementary Material. As can be observed, 
opposite effects are obtained for conformations (a) and (c), similarly to 
the experimental data obtained from the KPFM images of sub-regions 2 
and 3. Based on the theoretical calculations of adsorbates (a) and (c), as 
shown in Fig. 7, it is possible to assess different possible configurations 
for sub-region 1 compatible with the observed WF changes. This sub- 
region would be composed of isolated aggregates of both configura
tion (c) for higher heights, and the horseshoe conformer adsorbed in an 
inverted way with respect to configuration (a) for the lower heights. This 
is in contrast to sub-regions 2 and 3, where complete monolayers are 
observed. Due to the fact that molecules are polarizable, their dipole 

Fig. 7. Top and side views of the optimized structures for different adsorption geometries of G1-NH2 molecules on graphite. (a) Horseshoe-shaped conformation, (b) 
planar conformation parallel, and (c) perpendicular to the surface with amino groups point down towards the substrate. 

Table 1 
Difference in adsorption energies (ΔEads), change in WF (ΔΦ) with respect to a 
clean graphite surface, height (h) of the adsorbate for the different geometries 
studied of the horseshoe-shaped and planar conformers of G1-NH2 on graphite. 
Voronoi population of the adsorbates (a)-(c) considered as the contribution from 
the molecule and the surface.  

Adsorbate(*) ΔEads 

[eV] 
(**) 

ΔΦ 
[eV] 
(***) 

h [nm] 
(****) 

Molecule 
Voronoi 
Population (#) 

Surface 
Voronoi 
Population 
(##) 

(a) 1.08 − 0.36 0.967 158.4138 3839.5863 
(b) 0.00 +0.04 0.520 158.4337 3839.5663 
(c) 1.61 +0.57 1.385 158.2077 3839.7906  

(*) The labelling corresponds to that of Fig. 7. 
(**) Calculated as the difference in electronic energy with respect to the most 

stable adsorbate, i.e. the planar conformer adsorbed parallel to the surface, see 
text. 

(***) Calculated as the position of the right-hand-side vacuum-level relative to 
that of the left one, see Fig. 8. 

(****) Determined as the difference in z between the position of the center of 
the top-most carbon layer and the region in which the average electronic density 
is < 0.001 e/Å3, see Fig. 8. 

(#) The total number of valence electrons for the isolated molecule is 158 (51 
atoms). 

(##) The total number of valence electrons for the pristine surface is 3840 (960 
atoms). 
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moment can change in response to an external electric field such as that 
generated by neighbouring molecules. This leads to a partial depolari
zation when polar molecules are arranged in homogeneous arrays. For 
instance, Natal et al. reported such changes for several molecules, such 
as aniline, benzene, bromo benzene, and nitro benzene when adsorbed 
at 0.5 and 1 monolayer with respect to the gas phase [46]. For this 
reason, marked differences are expected between experimental and 
theoretical results for the adsorption of G1-NH2 on HOPG in sub-regions 
2 and 3, and less in sub-region 1. 

Topographic AFM and CPD data of bare and amino-dendronized Au 
surfaces are shown in Fig. 9. The reconstructed clean surface obtained 
after the annealing process, presents the typical triangular structures 
along with a few circular structures. The CPD image reflects the edges of 
the polycrystalline Au surface, exhibiting a uniform contrast over the 

terraces. The scanned surface after dendrons adsorption does not reveal 
any topographic differences attributable to the surface modification, 
probably due to the fact that a thin layer covers the entire surface, while 
the CPD image shows a pattern of dark and polydisperse spots. The 
corresponding histogram exhibits an increase in the CPD value after 
functionalization the Au surface (Fig. 9(c)), showing a light shoulder 
shifted 0.130 V from bare Au related to the isolated spots, and an intense 
peak shifted 0.169 V associated to the molecular aggregates adsorbed in 
the rest of the layer surface. The change in the WF is related to the 
difference in the surface dipole moment, influenced by the presence of 
G1-NH2 molecules. 

In order to gain a deeper insight into the possible adsorption ge
ometries, the effect on WF is analysed for similar G1-NH2 conformations 
as shown in Fig. 7 for HOPG. For the planar conformation adsorbed 
parallel to the surface, the z component of the dipole moment would be 
almost negligible, rendering in a very small variation in the WF. When 
this conformer is adsorbed perpendicular to the surface, interacting 
through the carboxylic moiety, there would be a negative charge density 
build-up at the G1-NH2/Au interface and a positive one at the air/G1- 
NH2 interface, which would cause a decrease of the WF. A perpendicular 
adsorption through the peripheral amino groups would cause an 
inverted effect, i.e. an increment in the WF. 

On the other hand, if dendrons adsorb through its horseshoe-like 
conformation, there are two possible adsorption geometries, an inter
action through the carboxylic moiety and the central ring, or through 
the amino functional groups. Following the same reasoning outlined 
above for the planar conformation, we can conclude that the former 
adsorption geometry would lead to a decrease in the WF, whereas the 
latter would cause an increase. Bearing in mind the experimental data 
presented for G1-NH2/Au, both signals may be assigned to G1-NH2 
dendrons adsorbed in the inverted horseshoe-like configuration or in the 
plane one that interacts via amine groups with the surface. This 
conformation is stabilized by π-π stacking and H-bonding interactions 
between neighbouring adsorbates, and is also favoured by amino-group 
interactions with the surface of Au [47,48]. The signal assigned to 
− 0.080 V corresponds to islands or compact regions of a molecular 
height (monolayer), and due to their major order, depolarization pro
cesses could reduce the effect over the Φsubstrate. The signal assigned to 
− 0.041 V, which corresponds to the background of the CPD image, may 
be due to the uniform but less ordered adsorption of dendrons. In this 
case, the depolarization phenomena that tend to decrease the effective 
surface dipole moment would not have as much weight, causing a 
greater increase in the WF. Although these conclusions are drawn based 
solely on the calculated dipole moment of the isolated molecule, pre
viously reported DFT calculations have shown that for structurally 
similar aromatic molecules the charge transfer upon adsorption on Au(1 
1 1) is ca. 0.4 e [49,50], a similar value to what was found in our study 
for G1-NH2 on HOPG, thus supporting our conclusions. 

4. Conclusions 

In the present work, the adsorption of aryl-dendrons based on 3,5-bis 
(3,5-dinitrobenzoylamino) and 3,5-bis(3,5-diaminobenzoylamino) ben
zoic acids on highly oriented pyrolytic graphite (HOPG) and gold (Au) at 
fully controlled conditions i.e. including low humidity, annealing of the 
substrate prior to the modification, and an additional heating process 
post-modification, was investigated by Kelvin probe force microscopy. 
The rearrangement of the polymeric G1-NO2 film after the annealing 
process results in the formation of uniform, ordered, and compact layers 
of G1-NO2 dendrons on HOPG, stabilized by π-π stacking interactions. 
Interestingly, G1-NO2 dendrons are uniformly distributed on Au sur
faces, but the ordering and magnitude of the interactions between the 
adsorbates are weaker. The local contact potential difference (CPD) 
image obtained for the Au modified surface reflects these results, 
although it does not present variations with respect to bare HOPG, it 
shows an increase of the work function (WF). We attribute this 

Fig. 8. Horseshoe-shaped conformer on graphite. From top to down, adsorbate 
geometry, average electronic density, and average electrostatic potential in the 
direction perpendicular to the surface referred to the Fermi level of the system. 
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difference to the depolarization events associated with the higher order 
of adsorption of these molecules on HOPG surfaces. The reorganization 
of the polymeric G1-NH2 film after the annealing process results in the 
formation of non-uniform, but ordered layers of G1-NH2/HOPG, stabi
lized by π-π stacking, and H-bonding interactions, which favour the 
formation of dense packed layers and cross-linked fibbers structures. 
The CPD images are in agreement with this explanation, by decreasing 
or increasing the WF depending on whether the areas are partially 
covered or densely packed, respectively. A similar situation was 
observed for the adsorption of amino-dendron on Au, where spots of 
dense packed layers are associated with changes in CPD, deriving in an 
increase of the WF. Density functional theory calculations were per
formed to verify the correlation between the WF variation and the 
effective molecular dipole moment. The overall results of this work show 
the importance of controlling the distribution of these dendritic as
semblies at a nanoscopic scale to achieve the desired properties on 
different surfaces. 
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