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ABSTRACT

Nanostructured monolayers of water-insoluble amphiphilic 5-alkoxy-isophthalic acids direct the reversible self-assembly of water-soluble positively
and negatively charged molecules under electrochemical control. The surface potential is in control of the monolayer composition, structure,
and guest dynamics.

Introduction. Supramolecular organization in two dimen-
sions is the subject of intensive research because it potentially
allows the formation of functional surfaces, including the
development of prototypes of future molecule-based elec-
tronic devices.1 Supramolecular structures realized to date
include clusters, chains, and extended 2D networks. One of
the main challenges is the generation of multicomponent
highly organized supramolecular nanostructures in a well-
controlled manner.

Mainly, bicomponent systems have been targeted2 and a
number of different approaches can be distinguished: Type
1. Mixing of the molecular components gives rise to the
formation of a completely new type of ordering, in no way
reflecting the organization of (one of) the pure components.

Basically, a 2D cocrystal is formed.3–7 Type 2. Mixing leads
to a new type of ordering, which at least resembles (or is
identical to) the self-assembly pattern of one (or both of)
the pure components. Typically, one of the components forms
a 2D supramolecular host network, which then allows
epitaxial coassembly of the molecules of interest8–24 Type
3. Guest molecules adsorb on top of the host template.25–29

Typically, multicomponent systems have been created
under UHV conditions or at “classical” solid–liquid and
solid-air interfaces. Electrified interfaces, though, have one
major advantage: molecule-substrate interactions can be
readily controlled by an external parameter, the substrate
potential. Recently we showed by electrochemical scanning
tunneling microscopy30–35 the self-assembly of amphiphilic
5-hexadecyloxy-isophthalic acid (ISA16) into uncharged
hydrophobic-hydrophilic nanopatterns at an electrified
interfaces (Figure 1A).36 We envisioned a unique approach
to controlled coassembly of multicomponent systems on
surfaces: the use of a noncharged water-insoluble amphiphile
to form hydrophobic-hydrophilic nanostructured surfaces
for the directed adsorption of water-soluble polar charged
molecules.
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In this contribution, the first examples of this concept are
reported: coassembly of 5,10,15,20-tetra(4-pyridyl)-21H,23H-
porphine (TPyP) and pyrene tetrasulfonic acid (PTSA)
(Figure 1B), which at pH 1 (0.1 M HClO4 electrolyte) are
positively and negatively charged ions, respectively, within
nanostructured monolayers of neutral and water-insoluble
ISA16 (Figure 1A). TPyP forms disordered domains that are
separated by individual lamellae of ISA16. In sharp contrast,
PTSA forms mono- or bimolecular chains assembled in the
hydrophilic grooves of ISA16 lamellae. This higher degree
of order is attributed to the good match between the structural
parameters of the PTSA molecule and the ISA16 lattice.

An important advantage of this approach is that the
coassembly depends on the surface potential. The nanostruc-
tured surface formed by the water-insoluble molecules is
confined to the substrate for a broad potential window, while
the guest molecules are expected to show a stronger response
(adsorption/desorption/in-plane mobility) to changes in the ap-
plied potential, as will be illustrated. Thus, the surface
composition, structure, and dynamics can be controlled by
the potential, in a reversible way.

Results and Discussion. First, we discuss shortly the self-
assembly of the water-soluble guest molecules and then focus
on their coassembly within the ISA16 matrix.

Self-Assembly of the Water-Soluble Guest Molecules
on Au(111). TPyP. An STM image of a self-assembled
monolayer of TPyP at the interface between Au(111) and
0.1 M HClO4 solution is presented in Figure 2.

At these pH conditions, the porphyrins are protonated. The
selected electrode (substrate) potential (400 mV SCE) is close
to the potential of zero charge, where ISA16 molecules are

expected to form a parallel arrangement of stable lamellae.36

At this substrate potential, porphyrin molecules are observed
as bright features forming a hexagonal supramolecular
arrangement in relatively small domains, which are oriented
parallel or at an angle of ca. 20° with respect to each other.
Previous studies of TPyP in 0.1 M H2SO4 electrolyte showed
a square 2D lattice.37 The differences in the molecular ordering
observed in these two different electrolytes are attributed to
the influence of the anions in the TPyP packing on Au(111).
We speculate that the observed square arrangement in H2SO4

is due to the participation of sulfate anions in the TPyP
packing, which, in contrast to perchlorate anions, may form
strongly adsorbed ordered monolayers at the Au(111)–
electrolyte interface.38 The distance between TPyP molecules
in the lattice observed in 0.1 M HClO4 is ca. 1.6 nm, the
size of the molecule, estimated as the distance between
nearest pyridine nitrogen atoms is 1.1 nm. Thus, the observed
intermolecular distance in the TPyP hexagonal lattice (1.6
nm) does not match the distance between adjacent isophthalic
acid groups along the ISA16 lamellae (ca. 1.0 nm).36

PTSA. PTSA molecules added to the electrolyte-Au(111)
interface at positive electrode potentials arrange in linear
patterns with zigzag-like distortions (Figure 3). PTSA being
a strong acid, is negatively charged at pH 1 due to
deprotonation of the sulfonate groups in contrast to TPyP.
The formation of the linear structures is in line with the 2-fold
symmetry of PTSA. The distance between PTSA molecules
inside the rows measures a ) 0.95 ( 0.05 nm (Figure 3B).
Importantly, this distance perfectly matches the spacing of
the isophthalic acid groups in ISA16 lamellae, which will
have a clear effect on the structure of the PTSA/ISA16
mixtures (vide infra).36 The nearest distance between mol-
ecules in neighboring molecular rows, b, is slightly larger:
1.30 ( 0.05 nm. Moreover, according to the obtained STM
images, the long molecular axes appear tilted with respect
to the molecular row normal by R ) 25 ( 5° (Figure 3B).
This tilt is expected to optimize the dense packing of the
negatively charged sulfonate groups at the interface (Figure
3C).

Coassembly with ISA16 Lamellae. In the next step,
coassembly of the oppositely charged guest molecules with

Figure 1. (A) Schematic presentation of the self-assembly of ISA16
into hydrophobic-hydrophilic nanopatterns on Au(111).36 Hydro-
philic regions are formed by the isophthalic acid moieties and
hydrophobic regions by the alkyl chains of ISA16. (B) Chemical
structures of TPyP and PTSA.

Figure 2. STM images of TPyP on Au(111) in 0.1 M HClO4.
Electrode (substrate) potential, Ew ) 400 mV (vs SCE). Bias
voltage, Ubias ) –500 mV. Tunneling current, It ) 1 nA. Scale bar
is 4.3 nm.
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the hydrophilic-hydrophobic ISA16 nanostructured mono-
layers was targeted and potential dependent dynamics were
probed.

TPyP and ISA16. To coassemble TPyP molecules within
the ISA16 template, first, ISA16 monolayers were prepared
as described previously (Figure 4A).36 Then a solution of
TPyP in 0.1 M HClO4 was added directly to the liquid cell
of the electrochemical STM at a substrate potential of 250
mV (vs SCE). On addition of TPyP, one observes the
formation of a mixed phase containing both molecules

(Figure 4B,C). The formation of the mixed phase of ISA16
and TPyP is a relatively slow process. Only after ap-
proximately 1 h, the formation of the mixed phase is
completed. ISA16 nanopatterns are split into individual
lamellae and the TPyP molecules form disordered domains
(“pools”) between ISA16 lamellae (Figure 4). Individual
ISA16 lamellae were previously observed for pure ISA16
monolayers at potentials around 500 mV.36 In the presence
of TPyP, the individual lamellae of ISA16 are observed at
much lower potentials, which must be attributed to the

Figure 3. (A,B) STM images of PTSA on Au(111) in 0.1 M HClO4. Ew ) 500 mV (vs SCE). Ubias ) -500 mV. It ) 1 nA. Scale bars are
3.9 nm (A) and 1.2 nm (B). Unit cell is shown in B. The blue line is the orientation of the long molecular axes of the PTSA molecules at
an angle R with respect to the molecular row normal. (C) Tentative schematic presentation of packing of PTSA on Au(111).

Figure 4. STM images of a hydrophobic-hydrophilic nanostructured monolayers formed by ISA16 in absence (A) and in presence of 1
µM of TPyP (B,C, and D). (A) Ew ) 300 mV (vs SCE), Ubias ) -200 mV, It ) 1 nA. (B,C) Ew ) 250 mV (vs SCE), Ubias ) -260 mV,
It ) 1 nA. (D) Ew ) 500 mV (vs SCE), Ubias ) -450 mV, It ) 1 nA. The high positive electrode potential leads to an increased mobility
of the TPyP molecules. The scale bars are 5.8 nm (A,B), 14 nm (C), and 8.6 nm (D).
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adsorption of TPyP molecules on the electrode surface. The
ISA16 lamellae do not run straight because their arrangement
is perturbed by the adsorbed TPyP molecules. The lack of
order in the TPyP domains is due to the poor com-
mensurability of the TPyP hexagonal lattice (Figure 2) with
the ISA16 matrix. The TPyP molecules adjacent to the ISA16
lamellae are well-resolved though, indicating that they are
immobilized. The protonated pyridine groups may form
H-bonds with the carboxyl groups of the ISA16 molecules.
However, the spacing between TPyP molecules is signifi-
cantly larger than the spacing between isophthalic acid groups
within the lamellae. This lack in structural match impedes
the formation of a highly ordered coassembly. Single
molecular rows of TPyP between ISA16 lamellae were
observed though (Figure 4C).

Variation of the substrate potential does not modify
significantly the molecular arrangement of the mixed phase.
However, at more positive potentials (ca. 500 mV), the bright
spots corresponding to the TPyP molecules are no more
detectable (Figure 4D). This observation can be explained
by an increase in the mobility of the positively charged TPyP
molecules, which at the more positive substrate potentials
should show a lower affinity to the Au(111) surface.

PTSA and ISA16. As the structural parameters of PTSA
assembly match those of ISA16 much better, a complemen-
tary type of coassembly was anticipated. A PTSA solution

was added after formation of a ISA16 template layer at the
appropriate substrate potential (350 mV vs SCE). ISA16
molecules are again observed to order in individual lamellae.
Bright features appeared between the ISA16 lamellae (Figure
5A,B). These bright features showing a four-lobe structure
can be unambiguously assigned to the PTSA molecules
assembling between the ISA16 lamellae. In the separate
PTSA domains, the molecules run parallel to ISA16 lamellae
(Figure 5C), which corresponds to the next-nearest-neighbor-
hood (NNN) direction of Au(111). This particular orientation
of the PTSA molecular rows is favored by molecule-substrate
interactions because the spacing between the PTSA mol-
ecules (and the length of the molecule measured as the
distance between 1- and 6-sulfonate groups) corresponds well
to the double distance between gold atoms along the NNN
direction (ca. 1 nm). In addition to PTSA domains, remark-
ably enough, one observed the formation of both mono- and
bimolecular rows of PTSA. The spacing between PTSA
molecules in these molecular rows measures 0.95 ( 0.05
nm, which perfectly matches the spacing between the ISA16
aromatic residues in the lamellae. Thus, both the orientation
of rows of PTSA molecules and their intermolecular spacing
are commensurate with the orientation of the isophthalic acid
moieties of ISA16 and their spacing within the lamellae,
allowing a tight packing. In addition, PTSA molecules are
rotated with respect to the molecular row normal, although

Figure 5. Assembly of PTSA molecules within the lamella template of ISA16 in 0.1 M HClO4 on Au(111) at different electrode potentials.
(A) Ew ) 400 mV, Ubias ) -240 mV, It ) 1 nA. (B) Ew ) 350 mV, Ubias ) -330 mV, It ) 1 nA. (C) Ew ) 700 mV, Ubias ) -650 mV,
It ) 1 nA. (D) After potential jump from Ew ) 1000 mV (where only PTSA observed) to 400 mV, Ubias ) -325 mV, It ) 1 nA. Scale bars
are 5.8 nm (A,C,D) and 8.8 nm (B).
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this tilt angle is significantly smaller, namely R ) 10 ( 5°
(Figures 3B and 5), compared to pure PTSA monolayers.
This is explained by the interaction of PTSA with the
isophthalic acid moieties, which partially compensates the
repulsive forces between the negatively charged sulfonate
groups. A tentative model of the supramolecular arrangement
of PTSA molecules inside the ISA16 matrix (Figure 6A,B)
clearly illustrates the complementary coassembly of mono-
molecular and bimolecular rows PTSA rows in between
isophthalic acid rows.

At more positive potentials, an increase in the fraction of
adsorbed PTSA molecules is observed that is explained in
terms of the increased affinity of the negatively charged
PTSA molecules to the Au(111) substrate. The PTSA
molecules appear in ordered small domains with a similar
organization as for the pure system (Figures 5C). However,
almost no zigzag distortions, typical for pure PTSA mono-
layers (Figure 3A), are observed in this case, indicating the
key role of the ISA16 matrix in aligning PTSA molecular
rows.

At highly positive potentials (ca. 1000 mV), PTSA
molecules were observed exclusively (same arrangement as
shown in Figure 3 and 5C). By tuning the potential, one can
therefore control the surface composition and supramolecular
organization. Remarkably, after a work potential jump from
1000 to 400 mV, the recovery of the ordered mixed phase
is observed: PTSA molecules form molecular rows between
ISA16 lamellae (Figure 5D). Thus, the formation of the
molecular rows of PTSA molecules within the ISA16
template is a reversible process.

The present results confirm that the ISA16 assembly is a
hierarchical process: the primary step of their assembly is

the formation of interdigitated lamellae stabilized by hydro-
phobic van der Waals interactions between the hydrocarbon
chains, by hydrogen bonding interactions along the row axis,
and by the molecule-substrate interactions. The interaction
between adjacent lamellae is relatively weak. Therefore, this
polar region between lamellae can be disrupted easily by
the adsorption of charged molecules at appropriate substrate
potentials.

How to explain then the difference between TPyP and
PTSA coassembly with ISA16? PTSA, unlike TPyP, forms
mono- and bimolecular rows between the carboxylic bound-
aries of the ISA16 lamellae for the following reasons: (1)
the perfect match of the spacing between PTSA molecules
and ISA residues in the lamellae, (2) perfect match of the
direction of the molecular rows of PTSA with the ISA16
lamellae direction, and (3) 2-fold symmetry of PTSA
molecules that favors the formation of molecular rows (1D
nanostructures) rather than 2D hexagonal or square arrange-
ments. These can be considered as general guidelines to
direct the coadsorption of guest molecules.

In conclusion, the successful use of water-insoluble neutral
hydrophobic-hydrophilic nanostructured monolayers to di-
rect the ordering of water-soluble charged organic guest
molecules at electrified interfaces is demonstrated. Both
negatively and positively charged guest molecules adsorb
in between the hydrophilic regions of the nanostructured
surface. Not surprisingly, a structural match between the
guest molecules and the host lamellar matrix is crucial in
order to achieve a high degree of order. Unlike TPyP that
forms disordered domains, PTSA forms highly ordered
mono- and bimolecular rows in the ISA16 matrix. In
addition, the composition of the multicomponent pattern can
be tuned reversibly by adjusting the substrate potential. These
insights pave the way to the realization of more complex
and functional nanostructures at electrified interfaces.
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