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A B S T R A C T

Scanning tunneling microscopy (STM) at solution-graphite(0001) interface is used to identify nanometer-wide
elementary strands of custom-designed ampiphilic benzamides and elucidate their internal structure with sub-
molecular resolution. Evidences against graphitic artifacts that often mimic organic strands are provided,
thereby unambiguously establishing the molecular origin of these strands. The aliphatic chain lengths are chosen
based on bulk studies so as to promote strand architectures and avoid monolayer structures. Two different chain
lengths are used to decipher the structural parameters and the results suggest hitherto unknown precursor routes
to strand formation on a surface that is different from columnar mesophases in bulk. An on-surface self-assembly
into hydrogen-bonded tetramer precursors and their subsequent interaction with other units via van der Waals
forces between the dangling alkyl chains is proposed for strand formation on the surface.

1. Introduction

One-dimensional micro- and nano-structures of organic compounds
are valuable ingredients in solution-processable organic electronic de-
vices [1–5]. Electron transport through organic structures is the basis
for a large number of biological processes as well [6]. Supramolecular
self-assembly in solution is a strategy devised by nature to build larger
functional ensembles [7]. Several synthetic low-molecular weight
(LMW) wedge-shaped and amphiphilic 3,4,5‑tris(alkoxy)benzamides
are known to self-assemble into columnar mesophases in bulk [8], re-
sulting in self-assembled fibrillar networks in non-polar and semi-polar
solvents. Organogelators, due to their tendency to form nanostrands,
have aroused much interest in the context of nanoelectronics [9]. It is
imperative to decipher the structure of these nanostructures to identify
the function they can perform such as their potential use as selective
ion-transport channels.

The knowledge about columnar bulk mesophase materials mostly
come from X-ray diffraction, scattering and electron microscopy tech-
niques that generally suffice for a macroscopic understanding [10,11].
At a solid-liquid interface, the surface may also play a role in the mo-
lecular self-assembly process. Due to the possibility of on-surface or-
ganization of the molecules via non-covalent interactions, we could
expect structures that may differ drastically from that in bulk. Further,
self-assembly on surfaces might be influenced by other factors, for

instance, solution concentration, where denser polymorph usually re-
sults from higher solution concentrations [12,13]. The hydrophobic
HOPG is an ideal substrate for the investigation of amide moieties-
containing compounds such as the ones investigated here. In contrast,
hydrophilic substrates, in general, may hinder [14–16] the self-assem-
bling ability of the molecules by forcing them to lie flat on the surface,
although deviation from this behavior has also been reported [17]. For
a discussion on the influence of substrates on the self-assembly of fibril
structures on HOPG and Au, see [18–21]. To elucidate structural details
of self-assembled strands on HOPG, we use scanning tunneling micro-
scopy (STM), the only available technique that can resolve structural
details at the sub-molecular level.

STM is an efficient technique to probe the structure as well as re-
activity in a chemically ‘realistic’ environment- that is at solid-liquid
interfaces [22–36]. However, unlike planar surface structures [37,38],
the realm of isolated 1-D structures such as nanowires, has been less
exploited by this technique. STM imaging of 1-D structures has been
successful in imaging films of closely packed strands, edge-on stacks
[26,39–41] and innate graphitic structures [42–46], but only few re-
ports of isolated organic strands are found [47–52]. This is mostly
owing to difficulties in locating isolated, single-digit nanometer-wide
wires on a millimeter-wide probe area, using an STM having a range of
only few hundred nanometers. Due to the small size of strand entities
compared to the total scan area, the nanostrands (i.e those with only
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about 5 to 7 nm as reported here) appear invisible to optical microscopy
or even AFM imaging. Therefore, AFM and optical microscopy were
employed only to understand the large-scale morphology, and STM was
the main technique used for locating as well as resolving the structural
details. Other factors are thermal drift in ambient conditions, tip con-
tamination and movement/perturbation of the strand (particularly for
physisorbed entities) caused by tip motion [53,54]. Although vacuum
and low-temperature conditions may offer some advantage here, for the
sake of the dynamic chemistry involved, the ideal choice is the solid-
liquid interface. With regard to STM imaging of linear objects on HOPG,
an important aspect that one should be wary of is the innate graphitic
artifacts seen on bare graphite(0001) surface [42–45] that show a
strikingly close resemblance, mimicking the molecular strands. This,
however, can still be distinguished, for example, by ensuring the ab-
sence of graphite steps or misoriented grain boundaries, absence of
single/multiple steps near the molecular wires and the discrepancy in
the reported periodicities of graphitic linear artifacts from that of ad-
sorbate structures [42–45]. The aforementioned characterizes the pri-
mary causes for the existence of electronically induced ‘virtual’ periodic
linear objects. Apart from these, in our study, we present strong evi-
dences in support of the molecular origin of the strands such as con-
fluence of strands leading to strand-bundles, scan-induced damage in
strands, deviation from linear array of single strands and herringbone
arrangement in multi-strands.

2. Experimental

2.1. STM/AFM imaging

Preparation of solutions and STM/AFM imaging: Varying solution
concentrations of the compounds were prepared by dissolving in 1,2,4-
trichlorobenzene (C6H3Cl3, dielectric constant 2.2, boiling point 214 °C,
99% pure, Sigma-Aldrich Laborchemikalien GmbH, Seelze, Germany)
in a dilution series in steps of 1/10. The solutions were sonicated or
oven-heated to 45 to 50 °C for five to fifteen minutes prior to drop-
casting on freshly cleaved highly oriented pyrolytic graphite (HOPG)
(ZYB grade, SPI supplies, West Chester, PA, USA). Higher solution
concentrations generally showed a gel phase, therefore in order to lo-
cate and image isolated strands by STM, a drop of the solvent was al-
lowed to slide over the surface to avoid the formation of strand bundles
or larger aggregates. STM images were taken in the constant current
mode under ambient conditions with a compact STM (easyScan,
Nanosurf AG, Liestal, Switzerland). Mechanically sharpened Pt/Ir 80/
20% wires (Goodfellow Cambridge limited, Huntingdon, United
Kingdom) were used as tips. Prior to measurements on molecular
layers, the bare HOPG substrate was imaged to ensure the quality of the
STM tip. By imaging the atomic structure of the bare graphite, the
scanner was calibrated in regular time intervals so that the precision of
measurement is solely limited by thermal drift. The ambient tempera-
ture was stabilized to be within±1.0 °C of room temperature and the
scanner was always allowed time during measurements to thermally
equilibrate and mechanically relax to reduce thermal drift and piezo
creep to a minimum. Furthermore, images used for structural analysis
were those with minimal thermal drift and a calibration was done with
respect to the graphite lattice whenever possible. For imaging mole-
cular structures, the tip was retracted slightly and a drop of the solution
was applied onto the basal plane of HOPG to form a meniscus between
the tip and the surface. Occasionally, another preparation method was
used- a drop of the solution was drop-cast on HOPG prior to imaging.
Imaging was performed at the solution-solid interface where typical
operating conditions were Vt = 1.3 V (tunneling voltage) and
It = 0.60 nA (tunneling current) for the molecule and 0.05 V at 1.00 nA
for imaging the bare graphite substrate. Images represent raw data
unless otherwise mentioned and flattening has been done only for large
area images using the WSxM software [57]. A Nanosurf (Nanosurf AG,
Liestal, Switzerland) AFM in contact-mode was used to characterize the

nanoscale morphology. Silicon cantilevers (Nanosensors) with force
constants in the range 0.2–0.4 N/m were employed and the images
were taken in ambient conditions at a scan frequency of 1–3 Hz with a
typical set point of 25 nN. Topographic data were recorded simulta-
neously in trace and retrace to check for scan artifacts.

2.2. Synthesis and characterization

Materials- Ethyl 3,4,5‑trihydroxybenzoate (96%, Fluka), 1‑bro-
mooctane (98%, Merck),1‑bromodecane (98%, Alfa Aesar), 1‑bromo-
dodecane (97%, Aldrich),1‑bromotetradecane (98%, Alfa Aesar), am-
monia solution 32% (30%, Merck), methyl 4-hydroxybenzoate (99%,
Sigma Aldrich), methyl 3,4‑dihydroxybenzoate (97% Alfa Aesar), po-
tassium iodide (99,5%, Fluka), potassium carbonate (99%, Sigma
Aldrich), potassium hydroxide (85–100%, Sigma Aldrich), hydrochloric
acid (37%, Sigma Aldrich), thionylchloride (98%, Sigma Aldrich), hy-
drazine monohydrate (98%, Alfa Aesar).

Techniques- 1H NMR(500MHz) and 13C NMR(125MHz) were
measured on a ´Bruker Avance DPX-250` spectrometer, tetra-
methylsilane (TMS) was applied as internal standard in deuterated
chloroform at 20 °C. melting points were measured on a Netzsch DSC
204 ‘Phoenix’ differential scanning calorimeter (DSC). About 10mg of
sample was used. In all cases, the heating and cooling rates were 10 °C/
min. Indium and cyclohexane were used as calibration standards. IR
spectra were measured on a “Bruker Vertex 70” FT infrared spectro-
meter, equipped with a “Golden Gate Diamond ATR reflection-device”.
TLC has been performed on Silica gel 60 F254 plates (Merck).

Synthesis of ethyl 3,4,5‑tris(octyloxy)benzoate [1]: 19.817 g
(100mmol) ethyl 3,4,5‑trihydroxybenzoate was dissolved in 500ml
cyclohexanone, 330mmol 1‑bromooctane, 330mmol potassium car-
bonate and 0.5 g potassium iodide were added and heated under reflux
for 5 h under a nitrogen atmosphere. The reaction mixture was filtered
hot and concentrated on a rotary evaporator. After recrystallization
from 600ml MeOH/EtOH(2/1), a white wax-like solid was obtained.
Yield: 39.1 g; 73.2% of theory. TLC (Petrolether:Ethylacetate= 96:4):
Rf= 0.72. 1H NMR (CDCl3 δ/ppm): 0.912 (T, 9H, -CH3), 1.315 (M,
24H, -CH2-), 1.383 (S, 3H,-COO-CH2-CH3-) 1.502(M, 6H, -CH2-CH2-
CH2-O-), 1.77 (M, 6H, -CH2-CH2-O), 4.04 (T, 6H, -CH2-O-),4.37 (M, 2H,
-COO-CH2-CH3) 7.29 (S, 2H, aromatic.).

Synthesis of 3,4,5‑tris(octyloxy)benzoic acid [2]: 26.74 g (50mmol)
of [1] was dissolved in 350ml boiling EtOH, a solution of 11,2 g
(200mmol) KOH in 25ml water was added and heated under reflux for
4 h. The reaction mixture was poured into 1 l dest. water, acidified with
hydrochloric acid to PH 1and stirred for 1 h. After the precipitate was
filtered and recrystallized in Acetone; 18.38 g (72.6% of theory) of
white crystals were obtained. TLC (Petrolether:Ethylacetate= 9:1):
Rf= 0,83. 1H NMR (MeOD δ/ppm): 0.922 (T, 9H, -CH3), 1.357 (M,
24H, -CH2-), 1.522 (M, 6H, -CH2-CH2-CH2-O-), 1.73-1.82 (2M, 6H,
-CH2-CH2-O-), 4.03 (T, 6H, -CH2-O-), 7.3 (S, 2H, aromatic).

Synthesis of 3,4,5‑tris(octyloxy)benzoyl chloride [3]:10 g [2] was
refluxed with 50ml thionylchloride for 2 h. The solvent was evaporated
in vacuum. Finally 6.9694 g (67.2% of theory) of white crystals were
obtained after recrystallization in Acetone. TLC (Petrolether:-
Ethylacetate= 96:4): Rf= 0,28. 1H NMR (CDCl3 δ/ppm): 0.851 (T, 9H,
-CH3), 1.3 (M, 24H,-CH2-), 1.4 (M, 6H, -CH2-CH2-CH2-O-), 1.41 (M, 6H,
-CH2-CH2-O-), 3.969-4.060 (2T, 6H, -CH2-O-), 7.29 (S, 2H, aromatic.).

Synthesis of 3,4,5‑tris(octyloxy)benzamide [4] (3CB-8): 5.2529 g of
[3] was dissolved in 20ml dry dioxane, 5ml conc. Ammoniac solution
(32%) was added, and stirred at room temperature for 2 h then the
mixture was poured into 100ml water and neutralized with 20% hy-
drochloric acid and stirred for 30min. The mixture was filtered and the
precipitate recrystallized two times in EtOH. Yield: 3.94 06 g (77.9% of
theory) of white, cotton-like crystals were obtained. DSC measure-
ments: (1st run, 10 °C/min), melting temperature= 84.4 °C (lit. 82 °C).
1H NMR (CDCl3 δ/ppm): 0.904 (T, 9H, -CH3), 1.30 (M, 24H,-CH2-), 1.45
(M, 6H, -CH2-CH2-CH2-O-), 1.76 (M, 6H, -CH2-CH2-O-), 4.02 (T, 6H,
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-CH2-O-), 5.7 (broad, 2H, -NH2), 7.02 (S, 2H, aromatic.). 13C NMR
(CDCl3 δ/ppm): 14.00 (-CH3), 22.82 (CH3-CH2-), 26.0–32 (Calkyl),
29.51 (-CH2-CH2-O-), 30.47 (-CH2-CH2-O-), 69.6, (-CH2-O-) 76.9 (-CH2-
O-) 106.5 (C2), 128.33 (C1), 141.9 (C4), 153.26. [55–57]

3. Results and discussion

We study elementary strands formed at graphite(0001)‑1,2,4‑tri-
chlorobenzene (1,2,4-TCB) interface from a custom-designed wedge-
shaped amphiphilic compound namely 3,4,5‑tris(alkoxy)benzamide
(3CB-n; n=8, 10). Here “n” stands for the number of methylene units
in the aliphatic chains. The dimension of the 3CB-n molecules with
stretched alkyl chains is illustrated in Fig. 1. In general, the molecular
geometry of the mesogens is decisive for the generation of columnar
mesophases in bulk. For example, with cunitic and discotic molecules,
columnar phases are frequently observed [8,54,55]. 3CB-n with its
wedge-shape is the simplest class of thermotropic mesogens that form
supramolecular columnar phases. X-ray, enthalpy measurements and
temperature dependent IR spectroscopy [8] have revealed 3CB-8 to
exhibit a rectangular disordered phase (Crd) [8,56]. The mesophase
generation depends also on the number as well as the length of the alkyl
chains. Three-chain 3CB-n with n≤ 4 produced a crystalline structure,
3CB-5 exhibited a monotropic phase and n=6–14 yielded an en-
antiotropic columnar phase. Longer alkyl chains (n > 15) were found
to impede mesophase formation. In bulk, individual molecules are be-
lieved to first self-assemble into disc-shaped hydrogen-bonded dimers
and subsequently stack up to form columns. We have chosen the chain
lengths with n=8 and 10, based on the bulk studies so as to avoid
monolayer formation since longer chains may promote alkyl chain-
grpahite interaction that may hinder strand formation.

Initially we used AFM (Fig. 2) and optical microscopy (see also
supplementary information S2 and S3) for revealing the large-scale
morphology and to confirm the capability of the compounds to produce
fibrillar entities on a surface. AFM images reveal that 3CB-n is capable
of yielding strands with high aspect ratios on graphite(0001) as well as
Au(111) surfaces- both hydrophobic, from solutions of both high
(2.856 wt%- gel phase) as well as dilute (0.285 wt% or less) samples.

Before discussing the STM results, in view of the graphitic linear
artifacts, it is imperative to unambiguously establish the molecular
origin of these strands. There are two options: one is to do control ex-
periments using STM and the second is to exclude artifacts in view of

characteristics not peculiar of them. The control experiments, however,
are best suited for extended adstructures on HOPG and not ideal for
isolated single-digit nanometer-wide 1 D structures due to intrinsic
limitations associated with STM imaging at solid-liquid interfaces. One
of the control experiment is to image the bare surface first. This is also a
routine procedure done to ensure the quality of the tip during STM
imaging. However, this may not guarantee a verification of the presence
or absence of graphite artifacts since it is known that the presence of a
solvent/organic solution may facilitate or induce artifacts on HOPG
[46]. That is, artifacts could be induced more easily after solution is
drop cast on the surface (for example, a rotation of grains may be vi-
sualized by STM as a moiré superlattice (2D) or as a 1D entity (elec-
tronic) at the domain boundary). Further, for STM in solid-liquid en-
vironment, the tip has to be retracted back to drop cast molecules on
the surface, and when approached again, the scan area may change by
several micrometers. Thus, unlike planar films or films of strands ex-
tending over grain size of micrometer dimensions, control experiment is
not a suitable solution. Same difficulties applies to a control experiment
where the strands are removed from the surface after imaging them,
and then imaging the same area to ensure the absence of these strands.
The best way to remove the strands is to add solvent to the interface.
This again is met with the same problems as in the first control ex-
periment. In addition, usually this will result in an unstable imaging
condition resulting in no further imaging possible with the same tip.
Thus the control experiments using STM are not easy to perform in the
case of sparsely populated isolated strands on a surface. Further, there
are two types of linear artifacts on pristine HOPG- one is ‘real’ 1 D
structure such as folding near a step edge, and a second type that are
‘virtual’ ones occuring due to electronic superposition. Due to these
reasons, to establish the molecular origin of the strands, we resort to
identifying the characteristics of the molecular strands that are distinct
to them and not shown by graphitic artifacts. We have identified the
following distinguishing features in the strands that could only be ex-
hibited by molecular strands. In Fig. 3a, a confluence of few thin strands
(see arrows) of 3CB-8 leading to the formation of a strand-bundle is
visible where the orientation of individual strands as well as the bundle
differ by ~ 120° influenced by the graphite symmetry. This fortuitous
observation of thinner strands joining to form a bundle and their re-
lative orientations represents a strong evidence for the molecular origin
of these strands. Further, for isolated single strands, a deviation from
the perfect linear array-type arrangement, as visible in Fig. 4b is ob-
served. Such occurrence is highly unlikely for graphitic 1 D structures
and has never been reported before [42–45]. This is understandable
since perfect graphitic linear periodic structures result from electronic
effects and they are not ‘real’ objects (except curved step edges or CNT
type entities which are easily distinguishable). The easiest way to
identify such virtual linear objects from real strands is to check for
misoriented grains on either side of the linear entity, see for example

Fig. 1. (right) Structure and dimensions of 3CB-n with stretched alkyl chains;
n=8 (zig-zag line), and 10 (dotted line). Distances are in nm. ‘l’ represents the
length of the aliphatic tails. (left) electrostatic potential (ESP) plot of 3CB-8.
The red end of the color map represents the most negative (electron-rich) and
the white end the most positive regions (S1). The ‘wedge-shape’ of the molecule
is visualized as the head group constituting the wedge apex and alkyl chains
forming the wedge tail.

Fig. 2. AFM images in ambient conditions showing randomly oriented micro-
meter-wide strand bundles of 3CB-8 on (a) Au(111) and (b) graphite(0001)
facets. Solution concentrations: (a) 2.856 wt% and (b) 0.285 wt%. More AFM
images are available in supporting information (S2).
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supporting information S4(a). There are also strands found with missing
fragments caused by tip motion at the solid-liquid interface as in Fig. 3d
and e (see white arrows pointing to the dashed yellow rectangles) or
scanning causing damage along the fast-scan direction washing away
fragments from the strands (yellow arrow in Fig. 3e). These observa-
tions unambiguously exclude graphitic origin of these bright linear
features. It can also be seen from literature [42–46] that graphitic
multi-strands mostly appear with their bright blobs arranged in a side-
by-side replica-type pattern perpendicular to the strand axis with no
herringbone feature [42] in contrast to molecular nanowires [58] or

herringbone appearance as in Fig. 3. Note also that the blob arrange-
ment represented by dashed lines in Fig. 3b in the two neighboring
three-strands forms a zigzag that excludes any scan direction-depen-
dence in STM imaging. These evidences collectively define the mole-
cular origin of the strands reported in this article.

In order to elucidate the internal structure, locating thin strands
becomes necessary and therefore, formation of thick strand bundles
should be prevented. To obtain thin strands, we resorted to using only
dilute solutions for STM studies. But this has the effect of producing
fewer number of strands which then makes it difficult to locate strands
on a 1 cm×1 cm HOPG surface using an STM having a range of about
700 nm. Also, unilke planar films [38,59], getting quality STM images
of ‘real’ strands is often difficult (unlike electronically-induced ‘virtual’
graphitic artifacts). Based on the STM images, the nanoscale mor-
phology of 3CB-n is seen to consists of a sparse population of thin strand
bundles having widths of few tens of nanometers and elementary
strands of only few nanometers (Fig. 3). Unlike the thick bundles (AFM
images in Fig. 2) which remained stable for several hours to days; the
elementary strands were easily perturbed by the raster scanning of STM
imaging in the fast scan direction (Fig. 3e). We have found two types of
elementary strands: some consisting of a three-strand geometry
(Fig. 3b,c,d) and some with single-strand appearance (Fig. 4a,b).
Amongst these, the three-strands (represented by three black dotted
lines named 1,2, and 3 in Fig. 3b) were the most frequently observed
strand type- for both 3CB-8 as well as the longer chain counterpart 3CB-
10; while single-strands were seldom seen. Fig. 3b shows three-strands
of 3CB-8, one isolated and two others lying in close proximity while
Fig. 3d is a three-strand of 3CB-10. Thin bundles as well as the ele-
mentary single-strands and three-strands are seen to always align along
one of the two graphite crystallographic directions namely 〈 〉1120
〈 〉0110 (S4). The aliphatic chains, as usual, are not visible in the STM
images and may be assigned to the dark region in between the bright
blobs [38]. The orientation of the strands on HOPG could be attributed
to CH-π interactions between the chains and the graphite surface in
analogy with simple alkanes [60,61], or liquid crystalline mesogens
[62–64].

The linear parameters of the elementary strands are given in
Table 1. The chemical structure of 3CB-10 differs from 3CB-8 only by
two methylene units resulting in a difference in their chain lengths (Δl)
of 0.25 nm (Fig. 1). The repeat distance/periodicity (a) (Fig. 3c) of the
three-strands of 3CB-10 along the strand axis, however, show a re-
duction by ≈0.6 nm from that of 3CB-8 strands, while the lateral inter-
strand separation (b) increases by≈0.7 nm. Thus the variations in these
parameters are proportional by about twice the increase in chain length
Δl. Now the width of the three-strands of 3CB-10 is larger by ≈1.7 nm

Fig. 3. Raw STM images of elementary strands of 3CB-8 self-assembled at 1,2,4-
TCB-graphite(0001) interface after drop-casting from a 2.85 wt.-% solution. (a)
confluence of thin strands lead to a strand-bundle, all individual strands as well
as the bundle follow graphite lattice symmetry (b) three three-strands of 3CB-8,
one isolated and two in proximity. (c) Linear parameters a, b and d of the three-
strands of 3CB-8 and (d) that of 3CB-10 (concentration- 2.5 wt.-%.). (e) Missing
fragment (dotted rectangle) and damaged region along the fast-scan direction of
the strands (yellow arrow). STM operating parameters are (a) 1.36 V, 0.6 nA; (b,
c, e) 1.6 V, 0.6 nA; and (d) 1.09 V, 0.48 nA. The STM images are raw images and
software processing was limited only to flattening.

Fig. 4. STM images of single-strands of: (a) 3CB-8 (concentration- 0.57 wt.-%)
and (b) 3CB-10 (concentration- 2.5 wt.-%.). A space-fill model of a tetramer of
3CB-8 is superimposed roughly on the STM image in (a) where the aliphatic
chains appear ‘dark’ in the STM image. A larger image of (a) is available in S5.
(c) Schematic of a 3CB-n hydrogen-bonded cyclic tetramer formed from four
3CB-n molecules. The blue rectangles highlight the OeH bonds between 3CB-n
molecules.
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that is in agreement with twice the increase in inter-strand separation
(≈2×0.7 nm). In short, the increase in chain length is immediately
manifested as an increase in the intra- and inter-strand separations.
Because the only difference between 3CB-8 and 3CB-10 is in the length
of their aliphatic chains, we assign the dark regions, i.e. the inter-strand
separation, between the bright blobs in the STM images to the presence
of alkyl chains [38,65]. Therefore, it seems possible that the longer
chain of 3CB-10 essentially increases the interdigitation between the
chains along the strand axis resulting in pulling the bright blobs closer
(i.e. results in a reduced a), but this simultaneously effects a relaxation
in the lateral direction causing b to increase. A similar reduction in a of
≈0.45 nm was observed between the single-strands of 3CB-8 and 3CB-
10 (Fig. 4 and S5), again about twice the increase in chain length Δl.
This in turn implies that the aliphatic chains play a role in the inter-
actions between the bright blobs in the STM images presumably via van
der Waals (vdW) forces. Note also that, due to lack of sufficient van der
Waals forces from all directions, the isolated single strands may appear
less linearly ordered than their three-strand counterparts (Fig. 4b) un-
less they lie close to a thicker bundle (S5). The bright blobs in the three-
strand of 3CB-n possess a diameter of 1.56 ± 0.21 nm, while single
strands of 3CB-n consists of bright blobs of ~1.4 nm, which occasionally
can be further resolved to be consisting of four smaller lobes of size
≈0.4–0.5 nm with a dark spot at the center (S5). The aromatic core of
the molecule has a higher electron density due to the delocalized or-
bitals, and is expected to be observed as a bright region in STM images
compared to the sigma-bonded aliphatic chains that usually appear
dark [63]. In order to understand the origin of bright blobs in the STM
image, frontier molecular orbitals (MO's) and the electrostatic potential
(ESP) [66] of 3CB-8 were plotted (see S1) using ArgusLab [67]. No si-
milarities to MO's were found. ESP is a concept recently explored for
interpretation of STM images of physisorbed molecules [68]. The ESP
plot for 3CB-8 is shown in Fig. 1 with regions relatively rich in electrons
color mapped at the red end. With reference to this map, the small
bright blobs appearing in the STM images (≈0.45 nm) could be as-
signed to the aromatic core plus the oxygen atoms (blue shaded circle in
the skeletal model of 3CB-n in Fig. 1). Based on the above parameters
obtained from STM measurements, we speculate that a bright blob (of
1.56 nm) in the STM image could be assigned to the central core of a
3CB-n tetramer whereas the aliphatic chains appear dark.

For supramolecular self-assembly on the surface, 3CB-n is bestowed
with amide functionalities that could facilitate intermolecular hydrogen
bonding [40] and alkyl chains that could promote physisorption on the
graphite surface through CH-π interactions as well as inter-chain vdW
interaction [69–74]. It should be emphasized that the length of the
alkyl chain is so chosen to produce strand architectures on the surface
[8,56]. Therefore, to avoid monolayer formation of flat-lying mole-
cules, we limit the chain length to n=8 and 10. Note that the benza-
mides in their gas phase exhibit a rotation of the amide group by 26°
with the plane of the aromatic ring [75], which may further facilitate
tetramer formation on the surface even with one or more of the alkyl
chains of 3CB-n still attached to the surface. If a molecule of 3CB-n gets

adsorbed on the surface, then through hydrogen bonding with other
molecules via their amide moieties, a tetramer could be formed on the
surface. Due to this anchoring of molecules on the surface, a tetramer
could formed more easily on a surface than in solution. Thus the tet-
ramer formation, in this case, might essentially be a surface-supported
process. This could be the reason why the strands are aligned along
graphite axes. The schematic of hydrogen-bonding in the tetramer
configuration is shown in Fig. 4c (also see S6). A single strand could
simply be an array of such tetramers on the surface when tetramers
adsorbed on the surface interact via their dangling alkyl chains. A
space-fill model of a 3CB-n tetramer is superimposed on Fig. 4a. The
single strands adsorbed on the surface could act as an anchoring unit for
the formation of multi-strands via non-covalent interactions. The
question remains why the most common adstructure is the three-strand
geometry and why no extended monolayer is formed? This is pre-
sumably due to the fact that a ‘flat’ orientation of the molecule due to
surface-molecule interaction (S7) is possible only when these forces
exceeds inter-molecular interactions. With three alkyl chains per mo-
lecule, a monolayer formation is unlikely due to their interaction with
other tetramers/strands in the supernatant, that may ‘raise’ the strands
away from the surface. That is, the molecules/strands may be pulled
away from the surface and possibly minimize their energy by evolving
into a more curved geometrical structure.

The formation of a three-strand does not seem to be a simple jux-
taposition of single-strands arranged side-by-side on the surface
(otherwise it will lead to a monolayer of face-on molecules), but may
include an optimization of the geometry and energy due to all non-
covalent interactions at play. One hint about this comes from the ap-
parent height of individual strands in a three-strand (Fig. 5b) and those
in thin strand bundles (Fig. 5a). The apparent height of strands vary
between 0.4 nm to 0.9 nm (height profile of 3CB-10 is given in S8).
Besides, the presence of twelve alkyl chains per every tetramer is a
highly favorable factor for inter-strand van der Waals interactions. This,
is strictly applicable only to the central strand since the side chains of
the lateral strands may get attached to the surface. Note the herring-
bone arrangement in three-strands where a bright blob from one strand
is placed in a perfectly appropriate position near the dark region of the
neighboring strand, allowing interaction between the chains (Fig. 3c).
Thus it is possible that the three-strands result from a spontaneous
optimization of all possible intermolecular interactions between single

Table 1
Linear dimensions (nm) of the three-strands and single-strands of 3CB-n
(n=8,10).

3CB-8 3CB-10

Chain length l 0.87 1.12

Three-strand
Periodicity a 2.6 ± 0.1 2.0 ± 0.2
separation b 1.8 ± 0.1 2.5 ± 0.2
Diameter d 5.1 ± 0.2 6.8 ± 0.1

Single-strand
Periodicity a 2.0 1.55
Diameter d 1.4 1.4

Fig. 5. Height profiles taken along the black lines in the STM images: (a) 3CB-8
strand bundle shown in Fig. 3a. (b) three-strands of 3CB-8. Tunneling para-
meters: ~1.36 V and 0.6 nA.
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strands.
Most noticeably, the periodicity a is much larger than the inter-stack

distance of 0.35 nm observed in mesophase columns in bulk [10,11] or
column arrays (edge-on stacks) on a surface [26]. This means that the
strand structure cannot be explained by interactions stabilized by π*
orbital overlap of stacked aromatic rings. Therefore, on the surface, a
different kind of mechanism must be involved. Since STM is the only
available technique that can give finer structural details at the atomic
or molecular level as pertinent to the situation here, and since the
strands seem to result from an on-surface self-assembly, we solely limit
our proposed models based on parameters obtained from STM images.
We propose two tentative structural models for the three-strand struc-
ture of 3CB-n self-assembled on HOPG. In both models, the precursor is
a tetramer represented as a curved rectangular block as illustrated in
Fig. 6. Thus, the first step is the formation of tetramers via on-surface
self-assembly followed by self-assembly into a herringbone pattern due
to van der Waals bonding with other strands/tetramers.

In model I, the strands adsorbed on the surface, due to optimization
of all non-covalent interactions, adopts a four-tetramer ring structure as
the repeat unit that is a highly symmetric unit with the tetramer aryl
cores arranged as shown in Fig. 6a, where tetramers marked 1 and 3 are

displaced along the strand axis by half the periodicity. There are 48
alkyl chains in each ring unit that are available for bonding to other
strands which is a compelling factor to not to discard this model. Due to
the symmetry of the ring unit, the dangling alkyl chains are at the right
positions to connect to alkyl chains of a following ring. Hence, a string
of four tetramer units constitute a repeat unit of the three-strand
(Fig. 6b) with a well-defined diameter and a saturation of all possible
van der Waals interactions between dangling alkyl chains. In the STM
image, this arrangement will appear as a linear herringbone pattern
(Fig. 3c). This model, nevertheless, cannot strictly adhere to the ap-
parent height results from STM images. The apparent height in STM
images, however, is not a clear indicator of the ‘true’ height since, in
general, it represents a convolution of both topographic and electronic
effects. Also the large number of alkyl chains available for lateral in-
teractions may aid in forming more closed tube-like structures as
shown. Due to these reasons, model I cannot be completely discarded,
although it is less likely.

A more plausible arrangement is model II which is compatible with
the height measurements from the STM images where the apparent
height of the strands suggest a more ‘flat’ structure on the surface than
model 1. The repeat unit here consists only of three tetramers as shown
in Fig. 6c and d, where there is no closure into a tube-like geometry.
Here the on-surface self-assembly into tetramers and then into single
strands progresses as in model 1. Further interaction between strands
leads to a three-strand structure as shown in Fig. 6c. In this case, the
aliphatic chains of the two side strands are attached to the graphite
surface while the chains of the central strand are fully engaged in van
der Waals interaction with the tetramers of the side strands and not
attached to the surface (Fig. 6d). Thus in STM images, the central
strands possess a higher apparent height.

In both the models, it is evident that the ability to form a tetramer
precursor is crucial. A different oligomer precursor, for ex. a dimer,
might drastically change the strand structure. Tetramer, rather than
dimer is favored on the surface whereas in the absence of a surface or in
solution, a dimer may be preferred [8,76]. Thus the influence of surface
in the supramolecular self-assembly process leading to the formation of
strands is evident. It is easy to note that a more blunt wedge apex (for
example with the head group NH-NH2) may possibly hinder tetramer
formation. That is, on a surface, the molecular shape may also affect the
self-assembly onto the type of precursor that could be formed which
ultimately decides the geometry and structure of the srand. In view of
this, our on-going studies focus on other derivatives of 3CB-n with al-
terations both at the wedge apex (head group) and wedge tail (alkyl
chains).

4. Conclusion

Using STM, we presented a molecular-scale characterization of the
elementary organic strands formed through self-assembly of custom-
designed wedge-shaped amphiphilic compounds namely 3,4,5‑tris(al-
koxy)benzamides at a graphite-1,2,4 TCB interface. In accordance with
parameters deduced from the STM images, we proposed plausible
structural models for the strands based on an on-surface self-assembly
into tetramer precursors. The surface-support and the wedge-shape of
3CB-n allows for hydrogen-bonding between the amide moieties that
may yield tetramers on the surface. The single-strand and three-strand
structure results from tetramer strings inter-locked via van der Waals
interactions between their dangling aliphatic chains.
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Fig. 6. Schematic of proposed models for the elementary three-strand structure
of 3CB-n on HOPG: (a, b) model I with a repeat unit consisting of four tetramer
motifs named 1, 2, 3 and 4 (front alkyl chains from tetramers 1 and 3 are
omitted for clarity); (c) model II consisting of a basic structural unit with only
three tetramer units which is more ‘flat’ than model I. (d) Cross-sectional view
of model II.
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Appendix A. Supplementary data

Supporting material includes AFM and optical microscopy images,
height profiles, basic simulation, MO and ESP plots. Supplementary
data to this article can be found online at doi:https://doi.org/10.1016/
j.apsusc.2019.03.072.
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