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C
ontrol over the self-assembly ofmolec-
ular building blocks into well-defined
architectures at surfaces represents

one of the most important challenges of con-
temporary supramolecular chemistry. Two-
dimensional (2D) crystallinemonolayersbased
on physisorbed molecules display the poten-
tial for applications such as selective guest
adsorption,1,2 chiral recognition,3,4 and the
formation of 2D polymers.5,6 In addition these
structures also provide a testing ground in
which to study the physical processes asso-
ciated with molecular self-assembly.
Surface-confined 2D molecular crystals

have been widely studied using scanning
tunneling microscopy (STM) at the liquid�
solid interface2,7�11 and under UHV.12�14 In
particular, 2D porous networks constructed of
initially nonporous building blocks have at-
tracted a large amount of interest. These
porous networks are typically sustained via

hydrogenbonds,9,15�17metal�ligand coordi-
nation,13,14,18 or even van der Waals inter-
actions.19,20 The advantage of these porous
networks is that the size and geometry of the
pores can be easily changed by adjusting the
size and symmetry of the building blocks. An
important application for such 2D nanopor-
ous networks is the trapping of functional
guest molecules in a repetitive and spatially
ordered arrangement on a surface.21,22

Self-assembly from solution is a complex
process that relies on a balance of intermo-

lecular (molecule�molecule and molecule�
solvent) and interfacial (molecule�substrate

and solvent�substrate) interactions. Recent

studies have shown the importance of

solvent,7,9,23,24 solute concentration,25,26

temperature,27,28 and substrate.29�31 The
complexity of the self-assembly process is
magnified for networks consisting of more
than one type of building block. One of the
main obstacles for multicomponent net-
works is phase separation of the individual
components.30,32 This has meant the occur-
rence of multicomponent networks, espe-
cially thosewith three ormore components,
is rare.33�35 Recently, we were able to de-
monstrate the formation of three-36 and
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ABSTRACT The self-assem-

bly of multicomponent networks

at the liquid�solid interface be-

tween Au(111) or highly oriented

pyrolytic graphite (HOPG) and

organic solvents was investi-

gated using scanning tunneling microscopy. Alkoxylated dehydrobenzo[12]annulene (DBA)

derivatives form hexagonal nanoporous networks, which trap either single molecules of

coronene (COR) or small clusters of COR and isophthalic acid to form multicomponent

networks. The pattern of interdigitation between alkyl chains from DBA molecules produces

hexagonal pores that are either chiral or achiral. On Au(111) substrates multicomponent

networks display an ordered superlattice arrangement of chiral and achiral pores. In

comparison, similar networks on HOPG display only chiral pores. The unique superlattice

structure observed on Au(111) is related to a lower energetic preference for chiral pores than

on HOPG and increased diffusion barriers for guest molecules. The increased diffusion barriers

for guests allow them to act as nucleation sites for the formation of achiral pores. Following

the initial nucleation of an achiral pore, restrictions imposed by the accommodation of guests

within the porous network mean that subsequent growth naturally leads to the formation of

the superlattice structure.

KEYWORDS: host�guest systems . Au(111) . scanning tunnelling microscopy .
self-assembly . substrate effect . solid�liquid interface
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four22-component networks on an HOPG substrate
based on alkylated dehydrobenzo[12]annulene (DBA)
derivatives with combinations of isophthalic acid (ISA),
coronene (COR), and triphenylene.
Here we demonstrate for the first time the use of

different substrate materials, HOPG and Au(111),
for the formation of multicomponent networks with
identical composition but different long-range order.
The different surfaces affect the strength of molecule�
substrate interactions and the mobility of adsorbed
species and subsequently their ability to act as nucleation
sites for growth of the network. These effects combine to
produce a subtly different structural ordering of the
networks on the different substrates, highlighting the
important role that the substrate plays in determining
the growth of 2Dmolecular multicomponent networks.

RESULTS AND DISCUSSION

Molecular Building Blocks. DBA derivatives form nano-
porous networks with hexagonal symmetry stabilized
by van der Waals interactions between interdigitated
pairs of alkyl chains.26,37 The edge of each hexagonal
nanowell consists of a pair of alkyl chains fromoneDBA
molecule, interdigitated with a pair from an adjacent
molecule. When adsorbed on a surface, this interdigi-
tation becomes chiral with two distinct interdigitation
motifs, labeled arbitrarily (�) and (þ) (Figure 1A, see
corresponding shift of DBA cores with respect to each
other). The combination of interdigitation motifs with-
in an individual nanowell can produce either chiral or
achiral nanowells. Chiral nanowells have a combina-
tion of six identical interdigitation motifs, either all (�)
or all (þ) (Figure 1B, nanowell with (þ) interdigitations
is shown) and have 6-fold rotational symmetry. Mono-
component systems of DBA on HOPG have been
shown to form networks with domains of nanowells
all showing a single chirality.26 Achiral pores have a
combination of three (�) and three (þ) interdigitation
motifs arranged in an alternating pattern (Figure 1B).

Varying the alkyl chain length of the DBA derivative
allows tuning of the pore size to trap specific guest
molecules, or collections of guest molecules, to form
multicomponent structures.36,38 The systems presented
here consist of combinations of DBAs with either hex-
yloxy (DBA-OC6) or decyloxy (DBA-OC10) chains, COR,
and ISA (seeScheme1 formolecular structures andSI for
the synthesis of DBA-OC6).

Molecular modeling suggests that the size and
shape of COR fit the nanowell formed by a hexamer

of DBA-OC6, forming a two-component network com-

posed of DBA-OC6 and COR (Figure 1C). In addition, the

formation of a three-component network composed of

DBA-OC10, COR, and ISA (Figure 1D) has been pre-

viously reported on an HOPG surface.36 Six molecules

of ISA self-assemble into a hydrogen-bonded ring

around one COR. This COR/ISA heterocomplex has

been shown to be a particularly stable supramolecular
arrangement and forms a three-component network
when adsorbed in the hexagonal DBA-OC10 nanowell.

Figure 1. (A) Molecular models of (þ) and (�) interdigita-
tion patterns. Red arrows indicate corresponding shift of
the bottom DBA core with respect to the upper one. (B)
Molecular models of chiral and achiral nanowells. The latter
can be formed by different combinations of (þ)- and (�)-
type interdigitation patterns. The black arrows in (B) indi-
cate the chirality of the pore. Molecular models of the (C)
two- and (D) three-component systems.

Scheme 1. Chemical structures of DBA-OC6, DBA-OC10,
COR, and ISA.

Figure 2. STM images of a monolayer formed from a one-
component (DBA-OC6) and two-component (DBA-OC6/COR)
solution in TCB on HOPG: (A) C(DBA‑OC6) = 1.3 � 10�4 M;
conditions: Iset = 100 pA, Vset = �700 mV. (B) C(DBA‑OC6) =
6.5� 10�5 M, C(COR) = 1.8� 10�3 M; conditions: Iset = 80 pA,
Vset = �735 mV. C(X) reflects the concentration of compo-
nent X in the supernatant solution, prior to adsorption. The
white outlines in (A) and (B) indicate the unit cells of the
honeycomb structure. Blue hexagons with yellow arrows
along alkyl chains in (A) and (B) indicate chirality of the
nanowells (also based on the corresponding shift of DBA
cores with respect to each other). White arrows in (B) show
nanowells with mobile COR molecules.
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One- (DBA-OC6) and Two-Component (DBA-OC6/COR) Net-
works on HOPG. Previously we reported the formation
of the honeycomb structure of DBA derivatives with long
alkyl chains (longer than C10H21).

26 DBAwith six hexyloxy
chains similarly forms chiral honeycomb structures
at the 1,2,4-trichlorobenzene (TCB)/graphite interface
(Figure 2A). Individual domains contain only chiral pores
with either all (þ) or all (�) interdigitation patterns. Two-
component networks formed by DBA-OC6 and COR on
HOPG display the same nanowell chirality as monocom-
ponent DBA networks and show identical unit cell para-
meters 2.6 ( 0.1 nm, γ = 62 ( 3� (Figure 2B). Figure 2B
shows a typical STM image of two-component networks
consisting of DBA-OC6 and COR in TCB on HOPG. The
DBA moieties appear as bright triangular features due
to the unsaturated annulene core, and alkoxy chains
appear as darker lines between adjacent DBA cores.3

Both images in Figure 2 show domains where only the
(�)-type interdigitation pattern is present, as depicted by
blue overlaid hexagons with yellow arrows. COR mol-
ecules appear as fuzzy bright disks with a diameter of
∼1 nm trapped within the nanowells (Figure 2B). Note
however that only a small fraction of the pores are
occupied by COR molecules, leaving the majority vacant
(vide infra). Somenanowells (indicatedbywhite arrows in
Figure 2B) appear partially filledwith CORmolecules. This
effect results from mobile COR molecules that can enter
or leave pores between scan lines of the STM image,
resulting in pores that appear partially filled. Differences
in contrast for trapped COR are in line with previously
reported results for a trimesic acid/COR system onHOPG,
where contrast modulation was explained by a varying
interactionwith the substrate, rotation of the CORguests,
or a combination thereof.2

One- (DBA-OC6, COR) and Two-Component (DBA-OC6/COR,
COR/ISA) Networks on Au(111). With careful control of the
concentration, monocomponent solutions of DBA-OC6
at the TCB/Au(111) interface also form porous patterns.
Interestingly, the majority of pores display a distorted
form, consisting of unequal combinations of (þ)- and
(�)-type interdigitationmotifs (Figure 3A, distorted hexa-
gons are overlaid with yellow features). The remaining
pores in thismonocomponent systemare chiral or achiral
andhavebeenoverlaidwith blue and red/greenoutlines,
respectively. Figure 3B demonstrates molecular models
for all three types of pore (chiral, achiral, and distorted)
that are observed on Au(111). These results are in sharp
contrast to the formation of the monocomponent struc-
ture on HOPG, which forms domains displaying only
chiral pores with a single chirality (Figure 2A).

Deposition of a premixed solution of the two
components (DBA-OC6/COR) allowed us to form two-
component networks on Au(111) (Figure 3B). Highly
ordered domains of self-assembled networks ex-
tended over regions more than 50 � 50 nm in size
(Figure S1) and covered the fcc-bridge-hcp regions of
the herringbone structure of (

√
3�22) Au(111). Bright

humps in Figure 3B running from the lower left to upper
right corner reflect ridges of the herringbone recon-
structed Au(111). The two-component network on Au-
(111) is similar to that on HOPG, showing a porous
framework formed by DBAwith pores containing a single
COR. In contrast to HOPG however two-component net-
worksonAu(111) display anorderedpatternofboth chiral
and achiral nanowells within individual nanoporous do-
mains. The basis of this superlattice structure is a chiral
nanowell surrounded by six achiral nanowells (Figure 3B,
the blue hexagon indicates a chiral nanowell; red and
green hexagons indicate achiral nanowells with different
orientations). The two-component superlattice network
was characterized by the following unit cell: a = b = 6.0(
0.2 nm, γ = 52 ( 2�, schematically drawn by the white
outline in Figure 3B. Unit cell vectors are rotated 7.8( 3�
clockwise with respect to the Æ110æ direction of Au(111).
Interestingly the adsorption of COR is observed clearly
only within achiral nanowells. In chiral nanowells COR
molecules appear as less well-defined features, and in
some cases two CORs are adsorbed, as indicated by the
white arrow in the left upper corner of Figure 3B. This is
attributed to amore tight packing in the achiral nanowells.

The two-component system composed of DBA-OC6
and COR at the TCB/Au(111) interface shows complete
occupancy of nanowells by COR (Figure 3B). This differs
from the identical system on HOPG, where STM images
show only 25.0( 4%of theDBA-OC6 pores are occupied
by COR (Figure 2B). This occurs despite there being 10
times as much COR present in solution for HOPG as
compared to Au(111). These observations are in linewith
previously reported smaller desorption energies of ben-
zene from HOPG39�41 (11.5 kcal mol�1) as compared to
Au(111) (13.8 kcal mol�1).42 Benzene and COR are both
aromatic compounds and are expected to follow the
same trend.

Smaller desorption energies of benzene-related
molecules from HOPG rather than Au(111) effect the
formation of monocomponent networks of COR. Un-
der our experimental conditions monocomponent
networks of COR were never observed on HOPG with
STM (using either TCB or 1-octanoic acid as solvents). In
contrast, on Au(111) the formation of a densely packed
monolayer with the p6 plane group is readily observed
for COR in either TCB (Figure S2) or 1-octanoic acid
(Figure 4A). The monolayer of COR in 1-octanoic acid
was found to be stable, with only a few defects, caused
by desorbed COR moieties observed. The unit cell (a =
b = 1.0( 0.1 nm, γ= 57.0( 1�) consists of a single COR
molecule with unit cell vectors a and b aligned nearly
parallel to the Æ110æ directions of the Au(111) substrate.

Saturated mixtures of COR and ISA in 1-octanoic acid
on HOPG give rise predominantly to COR/ISA heteroclus-
ter formation.11 On Au(111) however, such heteroclusters
are observed only by carefully controlling the concentra-
tion of both components (Figure 4B), with COR as the
minority component (COR/ISA ratio is equal to 1/600).
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The repeating unit for the COR/ISA monolayer on
Au(111) (Figure 4B) consists of one COR and six ISA
molecules, with the following unit cell dimensions:
a = b = 2.3 ( 0.1 nm and γ = 59 ( 1�. These values
are perfectly in line with those on graphite (a = b =
2.3( 0.04 nm and γ = 59( 1�).36 Reconstruction lines
of Au(111) were stable, following the Æ211æ directions
of Au(111), and were not lifted upon the formation of
either COR or COR/ISA monolayers. Monolayers were
equally expanded over fcc-bridge-hcp domains of the
reconstructed gold surface.

Neither ISA nor COR is chiral; however the COR/ISA
network was found to be chiral on both substrates:
HOPG and Au(111). The analysis revealed that the unit
cell vectors of chiral domains were rotated byþ14( 4�
(clockwise) or �14 ( 4� (counterclockwise) with re-
spect to the main lattice axis, Æ110æ, of gold. If we
represent the COR/ISA heterocluster by a hexagon
(blue feature in Figure 4B), we can easily define the
smallest angle between oneof the sides of the hexagon
and a Æ110æ symmetry axis of gold, which is 30 ( 2�.

In other words, the sides of the hexagon run parallel to
the Æ211æ axis of the Au(111) substrate.

One- (DBA-OC10) and Three-Component (DBA-OC10/COR/ISA)
Networks on Au(111). The substrate affects the adsorp-
tion strength of the different components. This in turn
effects the concentrations and stoichiometric ratios
of the components required in solution for successful
self-assembly.

DBA-OC10 forms a porous network at the 1-octanoic
acid/HOPG interface only at concentrations below
1.0 � 10�5 M (Figure S3A). At higher concentrations a
combination of a high-density linear and the porous

phase is formed. In comparison, on Au(111) even at the

lowest concentrations probed (2.1 � 10�6 M) the high-

density linear pattern is dominant (Figure S3B). The

preference of the high density linear pattern on Au(111)

for concentrations lower than those that produce a

porous pattern on HOPG suggests stronger adsorption

ofDBA-OC10molecules onAu(111) as opposed toHOPG.
It has been shown previously that a more com-

plex three-component system (DBA-OC10/COR/ISA in
1-octanoic acid) on HOPG leads to a nanoporous net-

work with the same chiral arrangement as a mono-

component DBA network (Figure S4).36 For the three-

component system 1-octanoic acid is used as a solvent

because of poor solubility of ISA in TCB. Each chiral

pore was occupied by a COR/ISA complex. In the STM

image for a three-component system on Au(111) the

central COR and six surrounding ISA molecules can be

clearly identified as individual bright features within

the DBA nanowells (Figure 5A; chiral nanowells are

overlaid with blue hexagons). For the three-component

system the optimum ratio of components in solution for

self-assembly on Au(111) was 1.0:1.8:1100 for DBA-OC10,

COR, and ISA, with a DBA-OC10 concentration of 1.1 �
10�6 M, while a 8.0 � 10�5 M concentration solution of

Figure 3. STM images of a monolayer formed from one-component (DBA-OC6) and two-component (DBA-OC6/COR)
solutions at the TCB/Au(111) interface: (A) C(DBA‑OC6) = 1.3 � 10�4 M, the majority of hexagons have a distorted shape
(examples are overlaid in yellow); conditions: Iset = 100 pA, Vset =�350mV. (B) C(DBA‑OC6) = 6.5� 10�5M, C(COR) = 1.8� 10�4 M;
conditions: Iset = 80 pA, Vset =�380mV. Thewhite outline indicates the unit cell of the superlattice structure. Thewhite arrow
in the upper left corner shows the presence of twoCORmoleculeswithin a single chiral nanowell. Directions of gold lattice are
shown bywhite arrows. Blue hexagons in (A) and (B) indicate chiral nanowells; red and green hexagons indicate achiral pores
with different orientations. C(X) reflects the concentration of component X in the supernatant solution prior to adsorption. (C)
Molecular models for all types of hexagons observed on Au(111).

Figure 4. STM images of monolayers formed at the
1-octanoic acid/Au(111) interface from a solution of (A)
COR, C(COR) = 5.0 � 10�4 M; conditions: Iset = 100 pA, Vset =
�270mV; (B) two-componentmixture of COR and ISA, C(ISA) =
2.5� 10�3 M, C(COR) = 4.2� 10�6 M; conditions: Iset = 390 pA,
Vset = �465 mV. One COR/ISA heteromolecular cluster is
highlighted in blue. The corners of the hexagon coincide with
the isophthalic acid groups. Unit cells are indicated in white;
directions of gold lattice are shown by white arrows.
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DBA-OC10 and saturated solutions of COR and ISA were
optimized on HOPG.

Formation of the three-component networks was
observed at much lower concentrations of the compo-
nents on Au(111) as compared to HOPG, suggesting
each component has a greater adsorption strength on
Au(111). The stoichiometric composition of the solu-
tion also changes, with reduced fractions of COR and ISA
relative to DBA-OC10 required on Au(111). The relative
increase in adsorption strength is not the same for each
component, with COR experiencing a greater relative
increase as compared to DBA-OC10. Increasing the pro-
portion of COR and ISA to a ratio of 1.0:5.4:3300 led to the
formation of separated COR/ISA domains (Figure S5).

The three-component network (DBA-OC10/COR/
ISA) in 1-octanoic acid on Au(111) shows a superlattice
structure with the same morphology as seen for the
two-component system on Au(111). The basis of this
superlattice structure is also a chiral nanowell sur-
rounded by six achiral nanowells (Figure 5A) with the
following unit cell parameters: a = b = 6.8 ( 0.2 nm,
γ = 66.0 ( 2�. However, in contrast to the two-
component system well-ordered domains of three-
component networks did not extend for areas larger
than 50� 50 nm (Figure S6). Increasing the number of
components increases the complexity of the system
and the self-assembly process, resulting in smaller
domain sizes. A molecular model showing the details
of the superlattice arrangement is given in Figure 5B.

Formation of the Superlattice. Deposition of premixed
solutions of the relevant components allowed the forma-
tion of two- and three-component networks on Au(111)
(Figures 3Band5A, respectively). ThenetworksonAu(111)
are similar to those observed on HOPG, showing a porous
framework of DBAwith eachpore containing either a COR
in the case of the two-component network (Figure 3B) or
a COR/ISA complex in the case of the three-component
network (Figure 5A). In contrast to HOPG however, multi-
component networks on Au(111) display an ordered
pattern of both chiral and achiral nanowells within indivi-
dual nanoporous domains. The formation of this super-
lattice structure is exclusive to multicomponent systems
on Au(111) and expanded equally over fcc-bridge-hcp
domains of reconstructed Au(111). The formation and
control of similar superlattice structures is an area ofmajor
interest in 2D supramolecular self-assembly.43,44

The driving force behind the formation of the
superlattice structure for multicomponent systems on
Au(111) can be understood in terms of energetic
differences between different pore arrangements
(chiral and achiral) and varying diffusion barriers of
components on the different substrates.

It is the combination of a different substrate and the
inclusion of COR or COR/ISA complexes that forms the
superlattice. Molecular modeling simulations were
performed according to a previously developed
method45 to address the differences in stability of

chiral and achiral pores for multicomponent systems
on HOPG and Au(111). The simulated systems consist
of a monocomponent DBA-OC10 nanowell and multi-
component systems with a DBA-OC6 or DBA-OC10
nanowell with incorporated COR or COR/ISA complex,
respectively. Figure 6 shows all models for molecular
dynamic simulation on Au(111). Complete illustrations
of these structures on HOPG and Au(111) are given in
Figures S7, S8, and S9.

A summary of the results of themolecularmodeling
simulations is presented in Table 1, and details of the
simulations are given in C.4, SI.

The parameter ΔEads is defined as the adsorption
energy of the achiral arrangement minus the adsorp-
tion energy of the chiral arrangement. Positive values
of ΔEads relate to chiral nanowells being more stable
than achiral ones. For HOPG large positive values of
ΔEads are observed (11.9 and 14.8 kcal mol�1 for the
two- and three-component systems, respectively),
while on Au(111) the values are significantly smaller
(ΔEads = 3.4 and 2.3 kcal mol�1). This disparity is also

Figure 5. (A) STM image of three-component network
(DBA-OC10/COR/ISA) in 1-octanoic acid on Au(111),
C(DBA‑OC10) = 1.1 � 10�6 M, C(COR) = 2.0 � 10�6 M, C(ISA) =
1.2� 10�3 M; conditions: Iset = 248 pA, Vset =�465 mV. C(X)
reflects the concentration of component X in the supernatant
solution prior to adsorption. Overlapping blue hexagons
indicate chiral nanowells; yellow arrows along alkyl chains
indicate thechiralityof thenanowell. Thewhiteoutline indicates
the unit cell of the superlattice. (B) Molecular model showing
thesuperlattice structureonAu(111); theblackoutline indicates
the unit cell of the superlattice. Black arrows along alkyl chains
indicate chirality of the nanowells (chiral nanowells).
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present in the monocomponent system (DBA-OC10) in
the absence of the COR/ISA complex (on HOPG ΔEads =
6.4 kcal mol�1, while on Au(111)ΔEads = 2.5 kcal mol�1).

Larger values of ΔEads on HOPG compared to Au-
(111) are related to the registry between the zigzag
alkoxy chain (�CH2�CH2�CH2�) of the DBAmolecule
of the chiral nanowell and hexagonal skeletal carbon
rings along the [010] vector of the HOPG lattice.46,47,42

This match leads to certain orientations of alkyl chains
with respect to the underlying HOPG being energeti-
cally favorable. The perfect hexagonal nature of chiral
nanowells means that all of their alkyl chains can adopt
the same orientation with respect to the HOPG. In
contrast to this, the distorted hexagonal shape of an
achiral nanowell means that alternating pairs of inter-
digitated alkyl chains around the nanowell have to
adopt different orientations with respect to the HOPG
(see simulation results Figure S9). This leads to a
difference in stability between chiral and achiral nano-
wells on HOPG and large values of ΔEads. Au(111) does
not show the same registry between alkyl chains and
the substrate with a geometric mismatch between the
spacing of CH2 groups in alkyl chains (0.251 nm)48 and
the atomic periodicity of Au(111) (0.288 nm neglecting
the herringbone reconstruction). This lack of a strong

registry between the adsorbed alkyl chains and the
Au(111) results in smaller values of ΔEads. These differ-
ences in stability of the different pore arrangements
explain why achiral pores are more likely to be ob-
served onAu(111) than onHOPG. They donot however
explain the formation of the superlattice.

To understand why the superlattice forms, we need
to consider differences in diffusion barriers of the guest
molecules/complexes (COR or COR/ISA) on the differ-
ent substrates. Diffusion barriers (Edif) for small aro-
matic molecules on Au(111) are significantly higher
than on HOPG. On Au(111) Edif was measured for
benzene by tracking the motion of single molecules
with STM as 3.39 kcal mol�1,49 while on HOPG Edif was
measured by spin�echo spectroscopy to have a value
of 0.39 kcalmol�1.50 Benzene, COR, and ISA are all small
aromatic compounds and can be expected to follow a
similar trend. These values for Edif were obtained under
UHV conditions, while the experiments reported here
are carried out at the solid�liquid interface. The pre-
sence of solvent will play a key role in determining the
diffusion barriers. Solvent molecules have to be dis-
placed in order for DBAmolecules to diffuse across the
surface. Therefore the adsorption energy of the solvent
molecule will directly influence the height of the
diffusion barriers. It should be noted that because of
the trend of larger adsorption energies for solvent
molecules on metallic surfaces, this argument also
suggests the presence of higher diffusion barriers on
Au(111) as opposed to HOPG. The low diffusion barrier
for guests on HOPG makes them less effective nuclea-
tion sites. Instead, the strong energetic preference for

Figure 6. Molecular models showing the simulated struc-
tures on Au(111) for (A) chiral and (B) achiral nanowells for
the monocomponent DBA-OC10 system; (C) chiral and (D)
achiral nanowells for the two-component DBA-OC6/COR
system; and (E) chiral and (F) achiral nanowells for the
three-component DBA-OC10/COR/ISA system.

TABLE 1. Calculated Adsorption Energies of Chiral and

Achiral Nanowells for Monocomponent DBA-OC10, Two-

Component DBA-OC6/COR, and Three-Component DBA-

OC10/COR/ISA Systems, Formed on the Surfaces of HOPG

and Au(111) As Determined by Molecular Mechanics

Simulationsa

substrate pore type Eads, kcal/mol ΔEads, kcal/mol

Monocomponent System DBA-OC10
au(111) chiral �198.5 2.5

achiral �196.0
HOPG chiral �233.8 6.4

achiral �227.4

Two-Component System DBA-OC6/COR
Au(111) chiral �93.9 3.4

achiral �90.5
HOPG chiral �87.4 11.9

achiral �75.5

Three-Component System DBA-OC10/COR/ISA
Au(111) chiral �336.2 2.3

achiral �333.8
HOPG chiral �311.7 14.8

achiral �296.9

a The energy values are per unit cell, with the unit cell for each simulation shown in
Figures S7, S8, and S9.
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chiral pores dominates the growth process, and do-
mains consisting of only chiral pores are formed. The
high diffusion barriers present on Au(111) however
make the guests much more efficient nucleation
sites.

If we consider the growth of multicomponent net-
works as a pore-by-pore process, the initial combina-
tion of pore structures (chiral or achiral) has direct
implications for the overall network structure. Figure 7
shows a schematic of a step-by-step growth of the
three-component network. A single COR/ISA cluster
(Figure 7A) acts as a nucleation point; an identical
process is expected for the two-component network

with COR as the nucleation point. If we assume that in
the initial stages of growth COR/ISA clusters act as
nucleation points for the formation of an achiral pore
(Figure 7A�C), then the superlattice arises from simple
rules that govern the subsequent growth of the network.

Neighboring pores can now form into either chiral or
achiral arrangements. The example in Figure 7D, E shows
the formationof a chiral pore adjacent to the initial achiral
pore. Importantly, this cluster of two adjacent achiral/
chiral pores now imposes limitations on the sites marked
by arrows in Figure 7E. At these sites the only way to
complete a pore is by the formation of either an achiral
pore (Figure 7F) or a distorted pore (Figure 8).

The formation of distorted pores will be unfavorable,
as their interior dimensions are too small to capture a
guest molecule or complex. If the second pore to form is
an achiral pore (giving two achiral nanowells), then the
sites marked by arrows in Figure 7E, by the same argu-
ment, are forced to formas chiral pores (Figure S10). From
these simple rules we can see that if either the first or the
second pore to form is achiral, then the growth of the
ordered superlattice structure is observed. The overall
morphology of the network is predetermined by the
structural arrangement at the initial nucleation site.

CONCLUSIONS

We have demonstrated the formation of multicom-
ponent networks at the liquid�solid interface between
Au(111) and an organic solvent. These results are com-
pared to previously reportedwork on an identical system
formed on HOPG. Differences arise in the ratios and
concentrations of components in the solution that are
required for formation of the multicomponent networks.
These differences are directly related to the strength of
adsorptionof thecomponentson thedifferent substrates.
Formation of multicomponent networks on Au(111)
results in a superlattice structure consisting of an ordered
arrangement of chiral and achiral pores. This is in contrast
to multicomponent systems on HOPG, where only chiral
pores are observed. The formation of this superlattice is
related to increased diffusion barriers on Au(111), which
allow guest species to act as nucleation sites favoring the
formation of achiral pores. The nucleation of an initial
achiral pore in combination with some simple growth
rules automatically produces the superlattice structure.
The substrate has subtle effects on both the adsorption
energy of molecules and their ability to act as nucleation
sites. The study of such phenomena allows us to develop
design criteria for even more complex self-assembled
architectures on a wider variety of substrates.

MATERIALS AND METHODS
All experiments were performed at room temperature

(20�24 �C) using a PicoSPM (Agilent) system operating in
constant-currentmodewith the tip immersed in the supernatant

liquid. STM tipswere prepared bymechanical cutting of Pt/Ir wire
(80%/20%, diameter 0.25 mm). Substrates consisted of either
Au(111) films on mica (Georg Albert PVD Company) or HOPG
(grade ZYB, Advanced Ceramics Inc., Cleveland, OH, USA).

Figure 7. Molecular models showing step-by-step growth
of the superlattice. (A) Initial nucleation around a COR/ISA
cluster. (B) The alkyl chains of threeDBAmolecules surround
the COR/ISA cluster. (C) The only way to complete a pore now
is by the formation of an achiral pore. (D) A COR/ISA cluster is
captured in one of the neighboring pores, which forms into
either a chiral or achiral arrangement. (E) The model shows
formation of a second chiral pore. (F) The model shows
the formation of a third achiral pore on the arrow position.
The large black arrows in (E) and (F) indicate positions where
the structural arrangement of pores is predetermined by the
combination of structures for the initial two pores (either
achiral�achiral or achiral�chiral). Black arrows along alkyl
chains in (E) and (F) indicate chirality of the pore.

Figure 8. Model showing the hypothetical formation of a
distorted pore.
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Immediately prior to use Au(111) substrates were annealed in a
butane flame and HOPG substrates were freshly cleaved. Recon-
struction lines of Au(111) were not always present after sample
annealing. For each measurement a 8 μL drop of the desired
solution was applied directly to the prepared substrates and STM
imaging commenced immediately. 1-Octanoic acid (Sigma, 99%)
and1,2,4-trichlorobenezene (TCB, Sigma-Aldrich, 99%)wereused
as solvents without further purification.
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