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T
he patterning of surfaces by molecu-
lar self-assembly is attracting con-
siderable attention as an alternative

to top-down approaches, as it promises
unprecedented control over the spatial de-
position of chemical functionalities at the
nanometer length scale.1�3 Self-assembled
physisorbed monolayers consist of regular
2D lattices of molecules that could be fab-
ricated under ambient conditions at the
liquid�solid and air�solid interface or un-
der ultra-high-vacuum (UHV) conditions at
the UHV�solid interface. A wide variety of
structurally very diverse molecular mono-
layers have been reported, including simple

2D lamellar structures, single components
to sophisticated multicomponent rosettes,
nanoporous networks, and hierarchically
structured monolayers.4�12 Despite these
advances, approaches that allow the spatial
deposition of different chemical functional-
ities in arbitrary arrangements of 0.2�20 nm
sized unit cells remain scarce.13�15 For ex-
ample, Buck et al.14 realized a fabrication
platform by combining noncovalent self-
assembly of porous supramolecular net-
works and thiol self-assembled monolayers
(SAMs) on gold substrates. The porous net-
works provided nanometer-scale precision,
whereas the thiol SAMs allowed for versatile
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ABSTRACT

Controlling the molecular conformation of oligomers on surfaces through noncovalent interactions symbolizes an important approach in the bottom-up

patterning of surfaces with nanoscale precision. Here we report on the design, synthesis, and scanning tunneling microscopy (STM) investigation of linear

oligoamides adsorbed at the liquid�solid interface. A new class of extended foldamers comprising as many as four turn elements based on a structural design

“rule” adapted from a mimic foldamer was successfully synthesized. The self-assembly of these progressively complex oligomeric structures was scrutinized at

the liquid�solid interface by employing STM. Submolecularly resolved STM images of foldamers reveal characteristic in-plane folding and self-assembly

behavior of these conformationally flexible molecules. The complexity of the supramolecular architectures increases with increasing number of turn elements.

The dissimilarity in the adsorption behavior of different foldamers is discussed qualitatively in light of enthalpic and entropic factors. The modular construction

of these oligomeric foldamers with integrated functionalities provides a simple, efficient, and versatile approach to surface patterning withmolecular precision.

KEYWORDS: foldamers . surface patterning . STM . liquid�solid interface
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functionalization. Grill et al.15 demonstrated that trans-
azobenzene derivatives adsorbed in a homogeneous
2Dmonolayer could be collectively switched with high
spatial selectively, thus forming periodically switchable
arrays of molecules wherein it is possible to address
single functionalmolecules. Another popular approach
is DNA origami,16�18 where the specificity of the inter-
actions between complementary base pairs of DNA is
exploited to enable precise folding of DNA in order to
create arbitrary two- and three-dimensional shapes.
However, lack of (sub)-nanometric resolution, large
surface corrugation of DNA, and limited range of active
functionalities limit its application in patterning at the
lower end of the nanoscale.
Recently, we introduced surface-confined foldamers

as a genuine bottom-up approach for molecular pat-
terning in which linear sequences of building blocks
were made to fold and assemble into well-defined
2D patterns upon physisorption at the liquid�solid
interface.19,20 In principle, such surface-confined folda-
mers allow programming of the folding pattern, shape,
and chemical functionalities at the sequence level,
whereas its 2D confinement greatly facilitates rational
design. The concept of such synthetic foldamers21�24

is largely inspired from biopolymers such as proteins,
which exhibit remarkable capabilities such as molecu-
lar recognition, catalysis, and information storage,
which in turn are dependent on their compact solution
structures with conformational uniqueness.25�27 We
reasoned that this concept, when applied to synthetic
foldamers on surfaces, will allow a precise control over
positioning of functional groups in a spatially resolved
manner, and it is from such well-ordered information-
rich surfaces that properties such as affinity, reactivity,
and catalytic selectivity will evolve, hence the interest
in surface-confined foldamers.19,20

In fact, peptides are known to exhibit highly orga-
nized assemblies and surface-induced folding.28�32

Mao et al.33 provided molecular level evidence of the
surface-induced transformation of polypeptides by
employing scanning tunneling microscopy (STM).
Their investigation revealed that although the poly-
peptide is originally stable with R-helical conformation
both in solution and in its crystal state, it forms β-sheet-
like assemblies upon adsorption on the graphite sur-
face. The β-sheet structures of amyloid β peptides have
also been visualized recently on the surface of highly
oriented pyrolytic graphite (HOPG) by using STM under
ambient conditions.34,35 Kern et al.36 obtained submole-
cularly resolved images of folded and unfolded cyto-
chrome c protein ions by using STM under UHV condi-
tions. The self-assembly process of the peptide strands
however led to formation of irregular patches.36 These
examples further suggest the possibility of 2D confined
folding of peptides into regular 2D structures as an alter-
native approach for the fabrication of functionalmolecular
surfaces. However, finding appropriate sequences capable

of 2D folding will require substantial effort, and one of the
straightforward ways is to design and synthesize oligo-
meric sequences of building blocks that could be prepro-
grammed to fold upon surface confinement.
Recent attempts toward fully synthetic surface-con-

fined foldamers include the work by Shen et al.37 and
Jester et al.38,39 involving the formation of well-ordered
physisorbed monolayers formed from both rigid and
shape-persistent oligo(phenylene acetylenes), respec-
tively. Shen et al.37 studied the self-assembly and
unfolding process of a foldable oligomer made up of
alternating units of ortho-phenyleneethylene (o-PE)
and para-phenyleneethylene (p-PE) at the liquid�gra-
phite interface by employing STM. Since the o-PE-p-PE
segments can exist in cisoid or transoid states, these
oligomers were found to exhibit several different
molecular conformations.37 Jester et al.38,39 synthe-
sized and investigated a series of shape-persistent
phenylene�ethynylene�butadiynylene (PEB) oligo-
mers connected by flexible aliphatic linkers. STM re-
vealed that both cyclic and acyclic PEB oligomers could
form stable self-assembled monolayers at the li-
quid�solid interface.38,39 However, both the systems
described above offered only modest control over the
remaining degrees of conformational freedom, pre-
sumably due to the lack of intramolecular interactions,
leading to rich polymorphism and consequently frus-
trating the expected design of surface patterns.
In our research toward spatially controlled deposi-

tion of chemical functionalities within the 0.2�20 nm
regime, we have developed surface-confined turn
mimics based on catechol bis-amides as a first and
essential step toward surface-confined oligo-amide
foldamers.19,20 More recently, we also studied the
impact of interaction complementarity and chirality
on order and disorder in 2D ribbons of linear bis-
amides.40 Building on these studies, we now report
on the design and 2D folding behavior of progressively
complex foldamers (Figure 1a), which are evaluated for
their in-plane folding behavior upon physisorption at
the liquid�solid interface using STM. At this stage, this
approach is somewhat limited to HOPG as a substrate,
and testing the viability of foldamers for functionaliza-
tion of other substrates such as metal and semiconduc-
tor surfaces calls for elaborate investigations in the
future. Nevertheless, it is reasonable to assume that this
strategy will be readily applicable for functionalization
of similar yet technologically relevant substrates such as
graphene. In general, this system represents a promis-
ing foundation for developing strategies useful in con-
trolled positioning of functional elements on surfaces
and symbolizes an important step toward “directed
bottom-up self-assembly” of molecular components.

RESULTS AND DISCUSSION

Design. Our previous contribution to the concept of
surface-confined foldamers revealed promising prospects
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in employing the self-assembly of linear oligoalkyl amides
as folding-on-surface building blocks for the precise 2D
positioning of functional elements.19,20 Oligoalkyl amides

were chosen as basic structural motifs for this research
since they are readily accessible via well-established
methodologies used for peptide synthesis. Secondly,

Figure 1. Molecular structures, stepwise synthesis, and design of oligomeric 2D foldamers. (a) Molecular structures of the
extended foldamers with short peripheral strands, 1.1; two turn elements, 2.1; three turn elements, 2.2; and four turn
elements, 2.3. (b) Schematic of a stepwise synthesis of peptidomimetic 2D foldamers. (c) Turn element for 2D foldamers with
catechol as scaffold (inset) and hydrogen bonding between amides (dashed bond). (d, e) Lamellar spacer for 2D foldamers
with even (d) and odd (e) numbers ofmethylene units. (f) Tentativemodel ofmirror-image lamellar domains on the surface of
graphite. Implementation of a stereocenter in the alkyl structure does not allow one of the two domains. (g, h) Foldamers of
class 1 (g) and class 2 (h).
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they offer several inter- and intramolecular interaction
sites, especially via hydrogen bonding, which could
direct and stabilize their self-assembly. The amino
acidic nature of the building blocks allows the applica-
tion of the stepwise synthesis of peptides toward these
oligomeric foldamers (Figure 1b), which can be con-
sidered as peptidomimetics (see Supporting Informa-
tion for synthesis and technical procedures).

A basic part governing the conformation of a 2D
foldamer is the turn element (Figure 1c), which en-
forces a 180� turnwhere the oligomeric sequence folds
upon itself. In our earlier work, we designed, synthe-
sized, and successfully evaluated the folding capability
of a 2D turn mimic residue based on an amino acid
bearing an ortho-catechol moiety with a 3-propyla-
mine and a ω0-alkylcarboxylic acid.20 The ortho sub-
stitution on the catechol moiety, which acts as a
scaffold, directs the alkyl spacers to be parallel to each
other.19 It is already established that the spacer length
(defined as n and m) between the amide and the
catechol unit is a critical factor governing whether a
given oligoamide sequence undergoes 2D folding
upon adsorption on HOPG.20 A variation in the spacer
length affects the stability of hydrogen-bonding inter-
actions between parallel and adjacent amides and
hence the folding behavior. An oligoamide based on
the rule n = 1 andm = 3 served as a minimal foldamer
and formed a stable, well-ordered network at the
1-phenyloctane/HOPG interface. In general, these studies
indicated that the structural matching of the turn ele-
ments and the intramolecular noncovalent interactions
have a strong bearing on the 2D folding behavior of
oligoamides.19,20

Having developed the turn element conducive for
2D folding upon surface confinement, the next chal-
lenge is to apply the established design to an extended
sequence which consists of more than one turn ele-
ment. This objectivemerits an extremely careful design
of the long alkyl spacer, which is the second main
structural element (Figure 1e, purple) and represents
the core component for the lamellar assembly (defined
as “lamellar spacer”). Care needs to be taken for its
design since an odd number of methylene units in this
spacer X (presuming it takes the stable all-trans con-
formation on the surface) is likely to set the two
lamellar H-bonding arrays antiparallel (see red arrows
in Figure 1d), thus undesirably overlapping spacer x�1
to the subsequent spacer xþ1. On the other hand, in
view of well-known two-dimensional odd/even effects
in lamellar assemblies40,41 an even number ofmethylene
units will force the H-bonding arrays parallel (Figure 1e),
warranting a 2D oligomeric serpentine sequence.

A third aspect to increase the level of control on the
2D supramolecular assembly is the implementation of
a stereocenter in the oligoalkyl amides. Alkyl com-
pounds can form mirror-image lamellar domains
(Figure 1f) in which the lamella axis (blue) can be

oriented at a positive (þR) or negative (�R) angle with
respect to one of the main symmetry axes of graphite
(green). Introduction of a stereogenic center in the
molecular structure does not allow the formation of
one of the two domains,42 thus increasing the level of
control. Finally, class 2 (Figure 1h) differs from class 1
(Figure 1g) for the longer peripheral alkyl strands,
ideally allowing for a stronger interaction with HOPG.

2D Folding and Assembly Behavior at the Liquid�Solid
Interface. The structural turn element and secondary
amide groups are integrated into the molecular struc-
ture to ensure that these oligomeric sequences under-
go 2D folding upon adsorption at the liquid�solid
interface. Moreover, each modular unit is further capa-
ble of intermolecular hydrogen bonding to form
extended network of molecules. The alkyl chains of
the foldamers are expected to stabilize the self-
assembled network via favorable molecule�substrate
interactions, which are mainly van der Waals in nature.
Such “soft” epitaxial stabilization of alkylated mol-
ecules on the surface of HOPG has been widely con-
firmed.43�45Whether a balance of all these interactions
indeed leads to intramolecular folding and extended
network formation was investigated by using STM at
the liquid�solid interface. In view of relatively lower
solubilities of foldamers, saturated solutions were pre-
pared in 1-octanol by gentle heating at 60 �C. A droplet
of this solution at room temperature was then applied
onto the basal (0001) plane of HOPG. The interfacial
adsorption and self-assembly behavior of the folda-
mers were then examined by STM at the 1-octanol/
HOPG interface.

Since the interpretation of STM images could be-
come complicated with an increase in the length of
foldamers, we first introduce our approach toward the
analysis of the STM data. Figure 2 shows simplified
models for the expected columnar arrangement of
different oligoamides upon adsorption in a folded
conformation. Such structures are envisioned based
on our previous investigations19,20 of similar (minimal)
foldamers, which showed that the foldamers form
columnar patterns with head-to-head arrangement of
catechol units that typically show up as bright blobs in
STM images. Thus, a line profile drawn through such
bright spots will furnish us the number of catechol
units adsorbed in a given column. A corresponding line
profile through the alkyl chain region (approximately
perpendicular to the alkyl chains) will then give us the
number of alkyl chains adsorbed on the surface per
catechol unit. Each schematic shows the expected
number of alkyl chains adsorbed on the surface per
catechol unit for a given foldamer. For different folda-
mers this number will vary as depicted in the sche-
matics shown in Figure 2.

Upon adsorption at the 1-octanol/HOPG interface,
1.1 forms 2D columnar structures that are rather fragile
assemblies and are easily disrupted by the scanning
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tip. Figure 3 shows STM images in which themolecules
of 1.1, which consists of two turn elements with short
peripheral strands, are arranged in close packed col-
umns. The periodicity of bright features appearing in
the STM images is 2.18( 0.06 nm. The high-resolution
STM (HR-STM) image in Figure 3b clearly shows the
presence of bright blobs along the column axis and
striped features in between these bright rows. The
bright features correspond to the catechol groups of
1.1, whereas the striped features arise from the alkyl
chains. The alkyl chains make an angle of (61 ( 2.0�)
with the column axis, and they are oriented along one
of the main symmetry axes of HOPG. The line traces
through the bright features and alkyl chain region
along the column axis provide a profile as shown in
Figure 3c. It can be easily noticed that there is a one to
one correspondence between these features, indicat-
ing that there is only one alkyl chain adsorbed on the
surface of HOPG per catechol unit. This observation
does not conform to the expected folded conforma-
tion of 1.1 on the surface as proposed in Figure 2.

Considering the information obtained from line
profile analysis and based on the periodicity of the
columnar structures, a molecular model was built as

shown in Figure 3d. The model depicts that the
molecules of 1.1 are adsorbed on the surface in an
unfolded conformation with their catechol units stand-
ing upright, perpendicular to the HOPG surface. Thus,
no in-plane folding takes place. Even in such an
unfolded conformation, molecules adsorbed in a given
column can interact with each other via intermolecular
hydrogen bonding interactions between their second-
ary amide groups and π-stacking interactions between
the catechol moieties. The unit cell of 1.1 adsorbed at
the 1-octanol/HOPG interface consists of 1 molecule/
unit cell with a = 4.30 ( 0.06 nm, b = 0.52 ( 0.04 nm,
and R = 89.8 ( 1.5�.

In contrast to 1.1, foldamer 2.1, bearing two turn
elements with extended peripheral alkyl strands, forms
a stable, close-packed structure on HOPG. Figure 4
shows representative large-scale and HR-STM images
of foldamer2.1physisorbed at the 1-octanol/HOPG inter-
face. The self-assembled monolayer of 2.1 emerges with
columnar features with a clear distinction between well-
defined regions of bright and dark contrast. Adjacent
domains of columns make angles of ∼120� with
respect to each other (Figure 4a), indicating the influ-
ence of substrate registry on molecular adsorption.

Figure 2. Schematics showing the number of alkyl chains adsorbed on the surface per catechol unit expected from a 2D
folded arrangement of different foldamers. Red circles indicate catechol units, whereas the black solid lines showalkyl chains.
The number can be obtained from the line profiles drawn through the catechol units (red and blue dashed lines) and then
comparing it with the correspondingprofile through the alkyl chain region (green dashed lines). Except for the case of 2.2, the
folded structures are symmetric in the sense that they present an equal number of catechol units on either side of the column.
Thus, for foldamers 1.1 and 2.1, the alkyl chain count per catechol will be 2 and 3, respectively, whereas for the foldamer 2.3
this number will vary alternately between adjacent catechol units. For 2.2 this number will be either 4 or 2 alkyl chains per
catechol unit depending onwhich side of the column it ismeasured (2 ifmeasured along the red dotted line and 4 ifmeasured
along the blue dotted line).
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A submolecularly resolved STM image of 2.1 shown
in Figure 4b allows us to discern the microscopic as-
pects of these columnar structures. The bright blobs,
which are arranged in a zigzag fashion, correspond to
the catechol units. The striped features in between
the rows of catechol units arise from the alkyl spacers
of the foldamer. The STM contrast provides no direct
information on the position and orientation of the se-
condary amide groups. The alkyl chains of the foldamer
are particularly well-resolved in Figure 4b. They appear

to be fully extended and closely packed and are always
oriented along one of the main symmetry axes of the
underlying graphite lattice. The distance between
adjacent and parallel alkyl chains is 0.49 ( 0.05 nm.
The width of the column is 2.85 ( 0.08 nm, which
agrees closely with the folded columnar arrangement
of molecules. The orientation of the alkyl chains with
respect to the column axis is 89.3 ( 2.0�, and the
columns in turn make an angle ofþ3.2( 1.2�with the
normal to the symmetry axis of graphite (that is, the

Figure 3. Large-scale (a) andHR-STM (b) images of 1.1 physisorbed at the 1-octanol/HOPG interface. Themain symmetry axes
of graphite are indicated in the lower left corner of (b). Imaging conditions: Iset = 140 pA, Vbias =�1.15 V. (c) Line profile along
the red andgreen lines shown in theHR-STM image in (b). (d) Proposedmolecularmodel. The catechol units standupright and
are shown in yellow color. Inset shows a side view of the molecular model.

Figure 4. Large-scale (a) and high-resolution (b) STM images of 2.1 physisorbed at the 1-octanol/HOPG interface. The unit cell
parameters are a = 1.47( 0.06 nm, b = 2.98( 0.05 nm, andR = 86.2( 2.5�. Themain symmetry axes of graphite are indicated
in the lower left corner of (b). Imaging conditions: Iset = 200 pA, Vbias = �400 mV.
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Æ1100æ directions). A unit cell can be drawn with a =
1.47( 0.06 nm, b= 2.98( 0.05 nm, andR= 86.2( 2.5�.

In order to establish whether the molecules of 2.1
are adsorbed in a folded conformation on the surface,
the following exercise was carried out. Figure 5a
shows a schematic of the expected periodic columnar
arrangement of 2.1 upon adsorption in a folded con-
formation. Molecules adsorbed in adjacent columns
are depicted in different colors for the sake of clarity.
Based on this schematic, it can be easily inferred that
adjacent bright spots in the HR-STM image (Figure 4b)
correspond to the catechol moieties belonging to
different molecules of 2.1 adsorbed in neighboring
columns. Thus, a line profile drawn through nonadja-
cent bright spots should correspond to the catechol
moieties adsorbed in a given column. A corresponding
line profile drawn through the alkyl chain region will
then give us the number of alkyl chains adsorbed per
catechol unit as described earlier. Thus, if the mol-
ecules of 2.1 adsorb in a folded conformation on the
surface, then one expects three alkyl chains per cate-
chol unit (Figure 2). The HR-STM image was analyzed in
this fashion as shown in Figure 5b, c.

The line profile analysis (Figure 5c) clearly shows
the presence of three alkyl chains per catechol
unit, thus confirming the folded conformation of 2.1
on the surface. In addition, the periodic appearance of
three alkyl chains per catechol also confirms the well-
ordered assembly of this foldamer on the surface.
Figure 5d shows a molecular model that reproduces
the observed packing and symmetry and is based on
the information obtained from the line profile analysis.
This analysis is further supported by the fact that the

distance between nonadjacent catechol units along the
column axis is ∼1.5 nm, which is consistent with the
adsorption of three parallel alkyl chains with an inter-
chain distance of ∼0.5 nm (vide supra).

The line profile analysis shown in Figure 5 could be
successfully applied to different STM images (Figure S1
in SI) and corroborates the fact that 2.1 adsorbs in a
folded conformation to form an extended well-or-
dered network on the HOPG surface. A characteristic
feature of this monolayer is that relatively strong inter-
and intramolecular interactions exist only along the
column axis, whereas the interactions between adja-
cent columns (perpendicular to the column axis) are
based on rather weak van der Waals forces. As a con-
sequence, the catechol moieties sometimes appear
differently shifted with respect to each other. The
monolayer shows intermittent defects in the form of
missing catechol units, indicating their partial desorp-
tion and/or out-of-plane rotation. (Figure S3 in SI)
Additional evidence for intramolecular folding is ob-
tained by STM imaging of domain boundaries where a
single row of catechol units is visualized at the domain
edge instead of a double row of zigzag-arranged pairs
(Figure S5 in SI), confirming the molecular arrange-
ment as proposed in Figure 5d.

To confirm the constitution of foldamer 2.2 at the
1-octanol/HOPG interface, HR-STM images were care-
fully scrutinized. The molecular structure of 2.2 con-
sists of three turn elements, and thus a folded structure
with three in-plane turns is expected. Figure 6 shows
an HR-STM image of 2.2 alongwith detailed line profile
analysis. The image shows a compact arrangement of
molecules. The catechol units as well as the alkyl chains

Figure 5. (a) Schematic showing the expected folded arrangement of 2.1. (b) HR-STM image of 2.1 and (c) corresponding line
profile analysis in accordance with the scheme displayed in (a). (d) Proposed molecular model.
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are well-resolved. The distance between alkyl chains is
0.50( 0.05 nm, and they lie parallel to one of the main
symmetry axes of graphite. The width of the column is
2.90 ( 0.10 nm, which agrees well with the size of the
folded columnar arrangement of molecules. A number
of defects could be visualized along the column axis
where the catechol units are adsorbed. In general,
monolayers formed by 2.2 lack long-range order when
compared to those of 2.1. The density of catechol
units along a given column axis as well as in different
columns is not uniform. For example, the bright spots
are compactly arranged along the red solid line in
Figure 6a compared to those along the blue line. Some
catechol units could not be accounted for in this
analysis, and they could be partially desorbed from
the surface, as highlighted by a question mark in
Figure 6a and d. Moreover, the line profile analysis
indicates that the number of alkyl chains per catechol
units is far from what is expected (Figure 2) from an
ordered 2D arrangement of 2.2. Figure 6b shows the
presence of two to three alkyl chains per catechol unit,
and this arrangement is random.

On the basis of the information obtained from this
analysis, a molecular model could be built as shown in
Figure 6c. It is evident from the model that molecules
of 2.2 often flip within a column, thus giving rise to
defects and nonperiodic arrangement of the bright
spots in the STM images. The line profile analysis

coupled with the molecular model confirms the in-
plane folding of 2.2. An important message from the
analysis presented above is that although the mol-
ecules of 2.2 adsorb in the folded conformation, they
are plausibly not well-ordered. This behavior remains
the same irrespective of the location of analyzed
molecules whether they are adsorbed in the middle
of the domain or along the domain boundaries as
shown in Figure S6 in the Supporting Information.
Thus, the number of defects and disorder increase on
going from the monolayer formed by foldamer 2.1,
which has two in-plane turns, to those formed by 2.2,
with three turns.

It must be noted at this juncture that these folda-
mers have a stereogenic center with a pendant methyl
group. The molecular models presented in Figure 6c
consist of molecules adsorbed with their methyl
groups pointing away from as well as toward the
surface of graphite. It has been argued in the recent
past that themost bulky group on a stereogenic center
present on an alkyl chain tends to be directed away
from the graphite surface.40 This rather intuitive guide-
line, however, must be considered in the context of
each system. In the present case, an alternative ar-
rangement in which all the molecules of 2.2 adsorb
with their methyl groups pointing toward the solution
phase leads to an unfavorable orientation of intermo-
lecular hydrogen bonding sites. Analysis of alternative

Figure 6. (a) HR-STM image of themonolayer formed by 2.2 at the 1-octanol/HOPG interface. The dotted circles highlight the
catechol units, which are coloreddifferently for the sakeof clarity. Theblue and red solid lines pass through the catechol units,
whereas the green-colored line passes through the corresponding alkyl chain region. All themarkers are color codedwith the
line profile shown in (b). (b) Line profile analysis of the molecules highlighted in (a). (c) Proposed molecular model based on
the line profile analysis. (d) Simple schematic showing the molecular arrangement.
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models (Figures S6 and S7 in SI) of domain boundaries
formed by 2.2 indicates that some of the molecules
plausibly adsorb with their methyl substituents point-
ing toward the graphite surface, and in such an ar-
rangement, the intermolecular hydrogen-bonding
interactions are maximized. A similar exception has
been noted recently in the case of supramolecular
assemblies of chiral porphyrin derivatives wheremeth-
yl groups present on the stereogenic center point
toward the HOPG substrate.46 Moreover, since the
stereogenic center is located at the very end of the
alkyl chain in the present case, it is also possible that
the molecules adsorb with the methyl group on the
surface, whereas the terminal ethyl group points up to
the solution phase. This possibility, however, could not
be verified from the analysis of calibrated STM images
due to the very small difference in the lattice param-
eters expected from adsorption of molecules with
either the methyl or the ethyl group on the surface.

Very often, STM images of 2.2 show adjacent
columns that are shifted away from each other, as
shown in Figure 7a. The monolayer in such regions
appears to behave like a “supramolecular zipper”,
where adjacent columns move apart from each other,
plausibly due to lack of strong intercolumnar interac-
tions (vide supra). This shift also reveals the hierarchical
nature of the self-assembly process of foldamers. The
observation of such shifted columnar structures proves
the prevalence of strong van der Waals and hydrogen-
bonding interactions within a given column that are
capable of stabilizing individual columns. Another
characteristic feature of these monolayers is that the
appearance of crowded bright features along one row
in the monolayer is typically associated with loosely
spaced bright features on either side of such a row, as
shown in Figure 7b. This can be accounted for by
considering relatively well-ordered patches of folda-
mer 2.2 that extend locally for a few nanometers
before the disorder sets in. A molecular model depict-
ing such an ordered array of 2.2 is shown in Figure 7c. A
lack of long-range periodicity along either directions

(along or perpendicular to the columns) precludes the
assignment of a unit cell for monolayers of 2.2 formed
at the 1-octanol/HOPG interface.

The disordered arrangement of 2.2 is an indication
of the increasing complexity of supramolecular inter-
actions involved in the adsorption process with in-
creasing length of the oligomers. The decrease in the
solubility of foldamers in 1-octanol with an increase in
the molecular weight further complicates the matter.
The longest foldamer of this study, foldamer 2.3, is only
sparingly soluble in 1-octanol, and hence chloroform
was used as a cosolvent. The solutions of 2.3 were
prepared in a mixture of 1-octanol and chloroform
(1:1 v/v). The adsorption of 2.3 from such a mixture on
the surface of HOPG leads to formation of columnar
patches that extend a few tens of nanometers.

Figure 8 shows typical STM images of the mono-
layer formed by 2.3. It reveals that the molecules are
adsorbed in a columnar fashion akin to those of shorter
foldamers. The catechol units are poorly resolved, and
they typically appear as fuzzy features, indicating sub-
stantial in-plane dynamics on the time scale of STM
measurement. Very often, patches of disordered struc-
tures could be observed as shown in the upper half of
Figure 8b. Only a few aromatic units are resolved in the
STM images presented in Figure 8, which are also
indicative of a disordered arrangement. Repeated
experiments on this system revealed that the mono-
layers remain dynamic and hence disordered for a long
time and the relatively fast in-plane dynamics of
molecules (especially of the catechol units) prevents
the acquisition of high-resolution images. The high
degree of in-plane dynamics in themonolayers of2.3 is
also evident from Figure 9, which shows sequential
STM images that capture opening of a columnar struc-
ture as a function of time. Such opening could be
spontaneous, or it could be scanning induced. The lack
of well-resolved catechol units and/or a corresponding
alkyl chain region further prevents the detailed line
profile analysis that was employed to prove the in-
plane folding of shorter foldamers. Nevertheless, the

Figure 7. (a) STM image of 2.2 at the 1-octanol/HOPG interface showing large defects. The adjacent columns open up at such
locations, giving rise to the “supramolecular zipper”, as shownby the dotted rectangle. (b) The appearance of densely packed
bright features (red arrow) is typically accompaniedby looselypacked features oneither side (green arrows) of the column. Such
features arise due to local order in the columnar structure. (c) Tentative molecular model for the STM image depicted in (b).
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surface patterns formed by 2.3 appear structurally
similar to those obtained with foldamer 2.2, and thus
there is a possibility that the molecules of 2.3 also
adsorb in a folded conformation on the surface.

To induce order in themonolayers of 2.3, HOPGwas
heated at 60 �C for a few minutes followed by rapid
evaporation of 1-octanol at higher temperatures. The
STM imaging was then carried out by adding a drop of
neat 1-phenyloctane, which is a nonsolvent for the
molecules of 2.3. Such an experiment leads to the
formation of highly ordered domains of molecules as
depicted in Figure 10a. The HR-STM image presented
in Figure 10b reveals a well-ordered arrangement of
molecules. The bright spots that are indicative of the
catecholmoieties appear in groups of four, as expected
from an ordered arrangement of foldamer 2.3. The
alkyl chains are aligned along one of the symmetry
axes of graphite. They are oriented approximately per-
pendicular to the column axis, and the columns in turn
make an angle ofþ3.0( 1.5�with the normal to one of
the main symmetry axes of the graphite lattice.

The line profile (Figure 10c) indicates that the
molecules indeed adsorb in a folded conformation. A
peculiar periodic arrangement of alternating three and
two alkyl chains per catechol units is evident in the line
profile. It must be noted that such an arrangement is

predicted in the schematics shown in Figure 2 for the
well-ordered 2D packing of 2.3 on the surface. A
molecular model that reproduces the observed pack-
ing and symmetry in the STM images is given in
Figure 10d. The model clearly shows that each mole-
cule of 2.3 adapts a conformation with four in-plane
turns, and the intramolecular hydrogen-bonding inter-
actions further facilitate the formation of an extended
network.

As mentioned earlier, this investigation is a culmi-
nation of our previous studies wherein we validated
the design of the peptidomimetic oligomers that could
fold upon surface confinement. The foldamer design
employed here is a rational extension of the minimal
foldamer20 reported by us earlier. Thus, a few experi-
mental facts established during the earlier studies
deserve amention. Molecular modeling studies carried
out on the minimal foldamer indicated that the folded
state is favored compared to the unfolded state both
on graphite and in a vacuum.20 STM images confirmed
that the minimal foldamer forms a stable self-assembled
network in which themolecules are adsorbed in a folded
conformation. Furthermore, systematic infrared (IR) spec-
troscopy measurements carried out in 1-phenyloctane
proved that the minimal foldamer remains unfolded in
solution and folding occurs only upon adsorption at

Figure 9. Sequence of STM images showing substantial surface dynamics present in the monolayers of 2.3 at the 1-octanol/
HOPG interface. Yellow arrows indicate the lines along which the columns start shifting away from each other.

Figure 8. Typical STM images of foldamer 2.3 adsorbed at the 1-octanol/HOPG interface. The catechol groups could not be
well-resolved, possibly in view of their fast in-plane dynamics on the time scale of STM measurements. The arrangement of
molecules within individual columns appears to be random. A disordered arrangement at the level of domain can be seen in
the upper part of (b).
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the liquid/solid interface. This was confirmed by fol-
lowing the�N�H stretching region in the IR spectra of
foldamers in 1-phenyloctane and dichloromethane
in a systematic concentration-dependent experiment.
Since the intramolecular hydrogen bond formation
between the secondary amide groups is necessary
for folding, the �N�H stretching region provided a
marker of whether or not the molecules form intramole-
cular hydrogen bonds leading to a folded conformation.

Unfortunately, similar experimental verification of
the conformational state of the extended foldamers
(i.e., intramolecular H-bonding formation) is not feasible
in 1-octanol due to the overlap of the broad hydroxyl
(�OH) band of the solvent with the �N�H stretching
region of the foldamers. Nevertheless, FTIR measure-
ments on dilute dichloromethane solutions of the
shortest and the longest extended foldamers studied
in this work, compounds 2.1 and 2.3, displayed similar
spectra to those previously observed for minimal
foldamers bearing the same turn mimic moiety.20

The IR spectra display only a sharp peak at 3407 cm�1

(see Section 3 in SI), representative of �N�H groups
exclusively interacting with dichloromethane.47,48 This
confirms that the monomeric extended foldamers do
not form intramolecular hydrogen bonds in dichloro-
methane. Because 1-octanol is more strongly com-
peting for hydrogen bonds than dichloromethane,

we conclude that extended foldamers in their mono-
meric state do not form intramolecular hydrogen
bonds and remain unfolded in 1-octanol as well.

DISCUSSION

The STM results for the extended foldamers de-
scribed above indicate that, except for 1.1, all the other
foldamers exhibit in-plane folding. Although 1.1 as-
sembles into a monolayer, its molecules do not fold at
the liquid�solid interface and adsorb in an extended
conformation. Among those foldamers that do under-
go in-plane folding, there are distinct differences in the
self-assembling behavior. Foldamer 2.1 forms a well-
ordered network at the liquid�solid interface, whereas
2.2 and 2.3 exhibit a characteristic disordered assem-
bly. It is well-established that the thermodynamics of
the folding process involves a complex interplay be-
tween two important factors: enthalpy and conforma-
tional entropy. The enthalpic gain of intramolecular
interactions in the folded state must compensate for
the loss of conformational entropy upon folding.26 In
the present case, the loss of conformational entropy
upon folding is expected to increase with the length
of the foldamers. Thus, the entropic cost of folding
should follow the order 1.1 < 2.1 < 2.2 < 2.3. Since the
molecules adsorb on the surface to form an extended
network, the present case also involves additional loss

Figure 10. Large-scale (a) andHR-STM (b) images of 2.3 obtained after annealing the sample followedby rapid evaporationof
1-octanol at higher temperatures. A regular arrangement of foldamer 2.3 is evident from the STM images. (c) Line profile
analysis along the colored lines in the STM images shown in (b). The line traces through different parts of the column
corroborate the folded and periodic arrangement of 2.3 on the HOPG surface. (d) Tentative molecular model. Unit cell
parameters are a = 3.08 ( 0.08 nm, b = 2.60 ( 0.05 nm, c = 90.3 ( 1.5� Imaging conditions: Iset = 120 pA, Vbias = �825 mV.

A
RTIC

LE



GOBBO ET AL . VOL. 6 ’ NO. 12 ’ 10684–10698 ’ 2012

www.acsnano.org

10695

of rotational, vibrational, and translational entropy. On
the other hand the enthalpic interactions are expected
to increase with increasing molecular weight of the
foldamers. Thus, the enthalpic gain follows the order
1.1 < 2.1 < 2.2 < 2.3.
Despite the expected lower entropic cost of folding

for 1.1, it does not undergo in-plane folding. This
implies that the enthalpic interactions for the folded
structure of 1.1 are plausibly not sufficient to compen-
sate for the loss of conformational entropy upon fold-
ing. Nevertheless, in the case of the remaining folda-
mers, folded structures are observed. This indicates
that the enthalpic gain is a major thermodynamic
factor governing the adsorption, folding, and extended
network formation. This gain in enthalpy has contribu-
tions from the enthalpy of adsorption of individual
molecules (dominated bymolecule�substrate van der
Waals interactions) and inter- and intramolecular inter-
actions which comprise hydrogen bonding and van
der Waals interactions between adjacent alkyl chains.
Besides this, the lower solubilities of longer foldamers
in 1-octanol point toward unfavorable enthalpies of
solvation for these foldamers. Considering the fact that
the enthalpy of adsorption is expected to be higher for
longer foldamers, the difference in the adsorption and
solvation enthalpies is expected to be relatively large
and thus play a major role in the adsorption process.
Thus, the higher entropic cost of folding for longer
foldamers is more or less compensated by the enthal-
pic gain in the adsorbed (folded) state.
An overviewof the results on this family of foldamers

combined with those on minimal foldamer indicates
that an increase in the molecular weight leads to
formation of disordered networks. When molecules
adsorb in an ordered fashion on the surface, one
anticipates a significant loss of positional and orienta-
tional entropy. Thus, the networks formed by 2.2 and
2.3 clearly preserve their positional and orientational
entropy in their noncrystalline packing. The source of
the differential behavior of the foldamers appears to be
mainly kinetic in origin, as indicated by the annealing
experiments carried out on the monolayers of 2.3.
However, it must be noted at this juncture that the
noncovalent interactions involved in the self-assembly
process at the liquid�solid interface are highly rever-
sible and thus generally warrant optimum conditions
to achieve equilibrium and hence favor the formation
of thermodynamically stable structures. The liquid
phase acts as a reservoir of dissolved species, which
can diffuse toward the substrate, adsorb, diffuse later-
ally, and desorb. This spontaneous dynamics is argu-
ably one of the main advantages of self-assembly
at this interface. Of great importance is the fact that
these dynamic processes favor the repair of defects
and disorder in general. In light of these aspects, the
prevalence of kinetically trapped disordered struc-
tures for monolayers of 2.2 and 2.3 is rather surprising.

Nevertheless higher enthalpic interactions with in-
creased molecular size reduce the rate of adsorption�
desorption dynamics,48 which in turn leads to kinetically
trapped structures. In fact, such kinetically trapped me-
tastable structures and their transformation to thermo-
dynamically stable forms have been observed in the
recent past by employing STM.6,47

One must consider, however, the increasing com-
plexity involved in both the folding and self-assembly
process of progressively longer foldamers. The pro-
cess of adsorption�desorption dynamics48 is probably
slowed down with an increase in the length of the
foldamers, and the lengthier molecules appear to
remain in the local potential minimum as soon as they
form hydrogen bonds with their partners. The reduced
solubility of longer foldamers in 1-octanol is further
expected to decrease the rate of desorption dynamics
once the molecules are adsorbed on the surface.
A parallel can be drawn here between the 2D self-
assembly and the condensation of molecules during
the bulk crystallization process. Just as there are certain
solid materials that undergo crystallization very effi-
ciently, there are those that do not relax to their global
thermodynamic minimum but form glasses instead.
Such glassy materials are formed when the barrier for
interconversion dominates the kinetics of relaxation.
In the present case, foldamers 2.2 and 2.3 efficiently

find their folded state upon surface confinement;
however the intermolecular hydrogen-bonding inter-
actions between adjacent molecules tend to trap the
kinetically formed structures in some kind of local
potential minimum, thus preventing the formation of
well-ordered domains of molecules and leading to the
formation of a 2Dmolecular glass.49,50 This observation
indicates that though the increased enthalpic interac-
tions are important for the stability of the supramole-
cular networks, they tend to immobilize the molecules
at a faster rate, thus sacrificing the ability to heal the
defects, which is a key step in the formation of well-
ordered molecular networks. Nevertheless, as shown
for the case of 2.3, which is the longest foldamer
investigated in this study, it is easily possible to
construct ordered assemblies of foldamers by simple
annealing.
Considering the initial goal of this study the results

obtained are extremely promising. For compounds2.1,
2.2, and 2.3 the folded state is always observed. This
indicates that the design strategy works successfully at
the level of folding of single molecules. However an
important lesson from this investigation is that the
design cannot be only limited to the level of single
molecules, but 2D packing within a column and inter-
column interactions should also be considered expli-
citly. This is because the final state for the foldamers is
not a folded or unfolded conformation but an ex-
tended network of the folded or unfolded conforma-
tion. To the best of our knowledge, this is the first study
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that reports the 2D folding behavior of conformation-
ally flexible foldamers with as many as four in-plane
turns. Different functional groups can be appended on
the ends of these foldamers, thus paving a way to
functionalized surfaces with periodically positioned
functional sites.

CONCLUSIONS

Surface-confined supramolecular networks of or-
ganic building blocks have been efficiently used in
the recent past for the fabrication of patterned surfaces
with periodicities at the lower end of the nanoscale.
However, it remains a challenge to design modular
systems that combine flexibility in the implementa-
tion of chemical functionalities, size, and symmetry. In
order to overcome this challenge, we have successfully
designed and synthesized a new class of oligoamide
sequences that undergo in-plane folding when ad-
sorbed at the organic liquid�solid interface. The inter-
facial adsorption of these oligomeric sequences was
investigated by employing STM, which furnished

submolecular resolution of both periodic and nonper-
iodic patterns. STM studies reveal that extended folda-
merswith long alkyl chains exhibit in-plane folding and
extended network formation upon adsorption. This
study shows that it is possible to control the spatial
conformation of oligomericmolecules via noncovalent
interactions such as hydrogen bonding and van der
Waals interactions. These interactions could in turn be
controlled by implementing specific functional groups
via covalent synthesis. An overview of the STM results
indicates that as the length of the foldamers increases,
the self-assembly process becomes more and more
kinetically driven, which leads to the formation of
disordered networks that preserve the folded arrange-
ment of molecules. A transition from disordered to
well-ordered networks could be induced by simple
annealing of the monolayer. The high spatial control
over positioning of functional groups coupled with the
modular nature of the building blocks provides a
simple, efficient, and versatile route to surface pattern-
ing with nanometer-scale precision.

METHODS
STM Measurements. All STM experiments were performed at

room temperature (20�23 �C) using a PicoLE (Agilent) machine
operating in constant-current mode with the tip immersed in
the supernatant liquid. STM tips were prepared by mechanical
cutting from Pt/Ir wire (80%/20%, diameter 0.2 mm). Foldamers
were dissolved in 1-octanol (Sigma-Aldrich 99%) by gentle
heating at 60 �C. Compound 2.3 was dissolved in a mixture
of chloroform (Aldrich 99%) and 1-octanol (1:1 v/v). Prior to
imaging, a drop of the foldamer solution was applied onto a
freshly cleaved surface of highly oriented pyrolytic graphite
(grade ZYB, Advanced Ceramics Inc., Cleveland, OH, USA). The
experiments were repeated in several sessions using different
tips to check for reproducibility and to avoid experimental
artifacts, if any. For analysis purposes, recording of a monolayer
image was followed by imaging the graphite substrate under-
neath it under the same experimental conditions, except for
lowering the bias. The images were corrected for drift via
Scanning Probe Image Processor (SPIP) software (Image Me-
trology ApS), using the recorded graphite images for calibration
purposes, allowing a more accurate unit cell determination.
The images are low-pass filtered. The imaging parameters are
indicated in the figure caption: tunneling current (Iset) and
sample bias (Vbias).

Synthesis of Foldamers. All solvents were dried according to
standard procedures. Starting materials were purchased from
Aldrich or Acros. Solvent removal (bulk amount), unless differ-
ently specified in the procedure, was worked out at 45 �C,
applying different vacuum with regard to the solvent. 1H NMR
and 13CNMR spectrawere recorded at 25 �C in CDCl3 on a Varian
Inova-300 (at 300 MHz for 1H NMR and 75.42 MHz for 13C NMR)
and on a Bruker Advance-400 (at 400 MHz for 1H NMR and
100.57 MHz for 13C NMR). Chemical shifts were given relative to
CDCl3 (7.27 for 1H NMR and 77.2 for 13C NMR). The splitting
patterns in the 1H NMR spectra are designated as follows: s
(singlet), d (doublet), t (triplet), m (multiplet), br (broad). MS
(EI ionization) were performed on a Shimadzu GCMS-QP2010S
system in EIþ ionization mode. MS (ESIþ ionization) were
performed on a Shimadzu LCMS-2010A. Melting points were
measured on an Electrothermal IA9300 apparatus. IR spectra
were recorded on a Perkin-Elmer Spectrum One FT-IR spectro-
meter. Duplo (double) elemental analysis (C, H, and N) was
determined using a Euro Vector 3400 CHN-S analyzer. The

oxygen content was determined by difference. The data
reported in the Supporting Information are the average of
the double measurement. The synthesis and characteriza-
tion of foldamers are described in detail in the Supporting
Information.
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