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T
wo-dimensional (2D) molecular net-
works formed by the self-assembly of
organic molecules on solid surfaces

have attracted a great deal of interest be-
cause of their promising use as functional
surfaces.1�5 Among various molecular net-
works, the construction of 2D porous mo-
lecular networks has become a subject of
intense activity due to the ability of surface-
confined pores (nanowells) in these net-
works to accommodate guest molecules
and thereby act as templates for the con-
struction of multicomponent 2D nano-
structures.6�9 The main driving forces for
this phenomenon are vertical van der
Waals interactions between a guest and the
solid substrate surface and lateral van der
Waals interactions between a guest and the
surrounding host matrix of the molecular
network. For these lateral interactions,

shape and size complementarity between
the guest and the pore play an important
role. Such molecular networks are typically
observed by means of scanning tunneling
microscopy (STM) under ultrahigh vacuum
conditions or at a liquid�solid interface.
One of the most significant challenges in

this field is the modification of the chemical
environment in the interior space of 2D
pores. A few reports have demonstrated
the modification of 2D pores with space-
controlling groups that recognize the size
and shape of guest molecules.10�14 How-
ever, the construction of 2D pores equipped
with functional groups that have a binding
ability that targets specific neutral guest
molecules via polar noncovalent interactions
has scarcely been achieved. Ion�dipole
interactions have previously been exploited
to switch or modulate the structures of
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ABSTRACT We present here the construction of self-assembled two-dimensional

(2D) molecular networks that contain pores equipped with functional groups that

promote guest-specific binding at the liquid/solid interface. For this purpose, a

dehydrobenzo[12]annulene (DBA) derivative, DBA-F, having perfluoroalkyl groups at

the end of the three alternating alkoxy chains connected by para-phenylene linkers

was synthesized. For comparison DBA-H, having the same carbon backbone without fluorine substituents, was also prepared. STM observations revealed

that these molecules formed porous 2D networks whose pores were decorated with either fluoroalkane or simple alkane perimeters. Hexakis-

(phenylethynyl)benzene, HPEB, and its octadecafluoro derivative, HPEB-F surrounded by 18 fluorine atoms, were employed as planar guest molecules of

suitable size. The fluoroalkane-lined pores present in the network of DBA-F exhibited good binding ability toward both guest molecules via fluorophilicity

and electrostatic interaction, respectively. In contrast the binding ability of the alkane-lined pore of the network of DBA-H for the fluorinated guest HPEB-F

was poor as a result of weaker electrostatic interaction. Interestingly, with HPEB as a guest, this network underwent a periodical structural deformation

through an induced-fit mechanism to form a superlattice structure consisting of free and occupied pores. These observations are discussed based on

modeling experiments using molecular mechanics and quantum chemical methods to elucidate the roles of lateral noncovalent interactions and size

matching between the pore and the guest molecules used for 2D guest binding.
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molecular networks with binding sites for alkali metal
ions or protons.15�17With regard to on-surface binding
of guest molecules by ion�dipole interactions, only
example is a pyridine-based macrocycle having a
covalently bonded pore.18 No polar-functionalized
pores formed by self-assembly through noncovalent
interactions have been reported. In this context, in-
vestigation into the guest binding ability of such
functionalized 2D pores is an important subject that
has the potential to advance the utility of self-
assembled monolayers as functional nanostructures.
Here we delineate the construction of surface-

confined pores that are outlined with fluoroalkane
groups as a model to investigate the effect of non-
covalent interactions exerted by this functionalization
on2Dguest binding. It iswell-known thathomogeneous
mixing of liquid alkanes and fluoroalkanes is highly
disfavored due to the inequality of the cohesive energy
densities.19�25 Moreover, fluorinated parts in mol-
ecules tend to aggregate by themselves, often show-
ing phase segregation at the supramolecular level.26

This unique behavior has been utilized in the design of
molecular self-assemblies such as liquid-crystalline
materials,27�30 one-dimensional columns,31 and lipid
bilayers.32 Moreover, this character has also been
exploited for host�guest interactions: fluoroalkanes
were entrapped in a fluorous environment constructed
within the interior of metal organic frameworks.33 How-
ever, contrary to many reports in three-dimensional
systems such unique behavior of molecules containing
fluoroalkyl groups has not been reported in 2D self-
assembled monolayers. For example, in the monolayers
formed by phthalic acid derivatives having a partially
fluorinated alkyl chain, phase separation was not ob-
served as stable phases because of a compromise of
repulsive and attractive interactions.34,35 In addition, the
useof afluorous environment topromoteguest binding
in a 2D surface-confined pore has never been reported.
For construction of a fluoroalkane-lined 2D pore, a

dehydrobenzo[12]annulene (DBA) derivative having
six alkoxy chains was chosen as a basic molecular
building block. We have previously reported that DBAs
form porous honeycomb structures at the liquid/solid
interfaces by van derWaals interactions between inter-
digitated alkyl chains attached to adjacent mole-
cules.36�39 Moreover, the pore environment can be
modified through the introduction of functional
groups at the end of three of the six alkyl chains of a
DBA molecule in an alternating fashion.14 To this end,
we designed and synthesized DBA-F, having perfluor-
oalkyl groups at the end of the three alkoxy chains
connected with para-phenylene linkers (Figure 1a). In
addition, DBA-H, having alkyl groups instead of the
perfluoroalkyl groups, was synthesized as a reference
compound. Molecular modeling predicted that both
DBAs would form honeycomb structures in which the
fluoroalkyl or alkyl groups are positioned around the

perimeter of the hexagonal pores (Figure 1b,c). To
examine the guest binding abilities of the modified
pores, we designed and synthesized two planar guest
molecules: hexakis(phenylethynyl)benzene HPEB and
its octadecafluoro derivative HPEB-F. These guest
molecules were chosen because of the match in terms
of both shape and size with the hexagonal pores of the
DBA networks. ForHPEB-F, the outer edge of the guest
molecule is decorated with 18 fluorine atoms.
STM observations of monolayers formed by DBA-F

and DBA-H at a liquid/solid interface revealed the
formation of honeycomb structures in which the fluor-
oalkyl or alkyl groups are positioned around the peri-
meter of the hexagonal pores. The guest binding
abilities of these modified pores were evaluated using
HPEB-F and HPEB, revealing that fluorophilicity and
H 3 3 3 F electrostatic interactions between the guest
and the (fluoro)alkane groups decorating the 2D pores
play a crucial role. This is, to our knowledge, the first
example of the use of such interactions in 2D guest
binding. Moreover, we unexpectedly found the forma-
tion of a superlattice structure in the combination of
DBA-H and HPEB via an induced-fit mechanism result-
ing from the adaptability of the hostmolecular network.
Finally, we discuss these observations on the basis of
modeling experiments using molecular mechanics
(MM) simulations and quantum chemical calculations.

RESULTS

Experimental Details. The synthesis of DBA-F and
DBA-H was conducted based on a previously re-
ported method (see Supporting Information).14,40 Self-
assembled monolayers were prepared by dropping a
solution of compound(s) in 1-phenyloctane (ca. 8 μL)
onto a graphite surface. All STM observations of the
monolayers were performed at the interface between
1-phenyloctane and graphite at room temperature.
The solute concentration of DBAs was set to less than
4.4 � 10�6 M to ensure the formation of the porous
honeycomb structures.37,38 Mixtures of a DBA (3.1 �
10�6 M) and an appropriate guest molecule (1.3 �
10�6 M) in 1-phenyloctane (25 μL) were poured into a
liquid cell placed on the graphite substrate, and these
setups were annealed at 70 �C for 30 min in a sealed
oven before carrying out the STM imaging to explore
guest binding experiments.

STM Observation of Porous Molecular Networks Formed by
DBA-F and DBA-H. Figure 2a,b displays an STM image
and a molecular model of the 2D molecular network
formed by DBA-F at the 1-phenyloctane/graphite
interface. In the STM image, the bright features corre-
spond to the conjugated cores of DBA-F, and the
darker parts are composed of four interdigitated alkyl
chains,41 revealing the formation of a honeycomb
structure. The orientations of the four interdigitated
alkyl chains are parallel to the main symmetry axes of
the underlying graphite surface. Small bright single
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dots located at the corners of the hexagonal pores and
lines of dim fuzzy rods at the rims of the hexagonal
pores correspond to the phenylene linkers and fluor-
oalkyl chains, respectively. The fuzzy appearance of the
fluoroalkyl chains is probably due to their lower tunnel-
ing efficiency.42 Unit cell parameters are a = b = 5.0 (
0.1 nm and γ = 60 ( 1�.

Similar to DBA-F, the formation of a honeycomb
structureofDBA-Hwas confirmedat the1-phenyloctane/
graphite interface (Figure 2c,d). In the STM image, the
phenylene units and alkyl chains placed at the hex-
agonal pores are clearly visualized. All alkyl chains
were parallel to the main symmetry axes of the graph-
ite surface. Unit cell parameters (a = b = 5.0 ( 0.1 nm,
γ = 60 ( 1�) are identical to those of DBA-F because
the terminal fluoroalkyl or alkyl chains in the R2 group
are placed at the pores (free spaces) of the honeycomb
structures and do not participate in the formation of
the intermolecular linkages.

STM Observation of Monolayers Formed by a Mixture of DBA
and Guest Molecules. The occupancy ratio of guest mol-
ecules at the pores varied as a functional of the compo-
sition of the DBA and guest molecules. In the following
experiments, the composition was kept at a constant

ratio (DBA/guest molecule = 2.4/1.0, concentrations:
3.1 � 10�6 M for DBA and 1.3 � 10�6 M for the guest)
because after several trials we found that at this com-
position and concentration the difference in the guest
bindingwasmost clearly observed. Therefore, the guest
binding abilities of the decorated pores could be eval-
uated by the comparison of the percentages of pores
that accommodate the guest molecule in the networks.

An STM image of the monolayer prepared from a
mixture of DBA-F and HPEB-F at the 1-phenyloctane/
graphite interface is shown in Figure 3a. The formation
of a honeycomb structure was observed in which the
guest molecule was coadsorbed at some of the pores.
On the basis of an appearance of the pore space in the
image, the pores were classified into three categories:
bright pores containing an immobilized guest, fuzzy
pores with dim bright feature at the center of the
pore, and dark pores which do not contain any guest
(Figure 3b). In the borderline cases between the fuzzy
pores and dark pores, where it was not possible to
determine from the appearance, pores were classi-
fied as undefined pores. In Figure 3b and Supporting
Information Figure S1, these pores are indicated by red,
green, blue, and pink hexagons, respectively.

Figure 1. (a) Chemical structures of DBA-F, DBA-H, HPEB-F, and HPEB. (b,c) Molecular models of the honeycomb structures
formed by DBA-F and DBA-H, respectively.
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To support the classification conducted based on
the appearance of the pores, the apparent height of
pore space was analyzed.43�45 The relative heights of
the pore space with respect to that of the DBA core as a
reference were estimated by averaging the data ob-
tained from more than three height profiles (Figure S1
and the procedure details described in Supporting
Information). As a result, the relative heights were
1.14 for the bright pore, 1.08 for the fuzzy pore, and
0.82 for the dark pore. Whereas the heights of the
bright and fuzzy pores are nearly the same as that of
the DBA core, revealing the presence of the guest
molecule in both cases, the relatively low height of
the dark pores indicates the absence of the guest. The
fuzzy appearance of the guest is attributed to its lateral
or rotational dynamics in the pore due to the thermal
fluctuation of the guestmolecule and/or the peripheral
fluoroalkanes. The height profile analyses thus provide
support for the classification.

Statistical analysis for 3827 pores from 26 large area
STM images (60 nm � 60 nm) for the 2D network of a
mixture of DBA-F and HPEB-F gave the following
distributions: bright pores, 20%; fuzzy pores, 36%; dark
pores, 40%; undefined pores, 4% (Table 1). The guest
molecule was accommodated in 56% of the total pores
(sum of the bright and fuzzy pores). The analysis of the
distances between the phenylene linkers of DBA-F

across the corner of the hexagonal pore (corner-to-
corner distance) revealed that the sizes of all pores
were identical among those of different appearance
(3.0( 0.1 nm, Table 2). Unit cell parameters are a = b =
5.0 ( 0.1 nm and γ = 60 ( 1�.

Figure 3c displays an STM image of the 2D molec-
ular network formed by amixture ofDBA-H andHPEB-
F. In this case, the formation of a honeycomb structure

Figure 3. (a,b) STM images of monolayers formed by DBA-F
and HPEB-F (concentrations: 3.1 � 10�6 M for DBA-F and
1.3� 10�6M for HPEB-F, tunneling parameters: Iset = 185pA
and Vset = �290 mV). (c,d) STM images of monolayers for-
med by DBA-H and HPEB-F (concentrations: 3.1 � 10�6 M
for DBA-H and 1.3 � 10�6 M for HPEB-F, tunneling para-
meters: Iset = 185 pA and Vset = �290 mV). (e,f) STM images
of monolayers formed by DBA-F and HPEB (concentrations:
3.1 � 10�6 M for DBA-F and 1.3 � 10�6 M for HPEB, tunnel-
ing parameters: Iset = 300 pA and Vset =�290mV). (g,h) STM
images of monolayers formed by DBA-H and HPEB (concen-
trations: 1.5� 10�6 M for DBA-H and 3.6� 10�6 M for HPEB,
tunneling parameters: Iset = 185 pA and Vset = �290 mV).
Red, green, blue, and pink hexagons indicate the bright
pores containing an immobilized guest, fuzzy pores contain-
ing a mobile guest, dark pores which do not contain any
guest, and unde®ned pores categorized between the fuzzy
and dark pores, respectively.

Figure 2. (a,b) STM image and an optimized molecular
model of a honeycomb structure of DBA-F formed at the
1-phenyloctane/graphite interface (concentration = 4.4 �
10�6 M, tunneling parameters: Iset = 0.19 nA and Vset =
�290 mV). Inset: enlarged image of the hexagonal pore
(tunnelingparameters: Iset = 0.15nAandVset =�290mV). (c,d)
STM image and an optimized molecular model of a honey-
comb structure of DBA-H formed at the 1-phenyloctane/
graphite interface (concentration = 2.0� 10�6 M, tunneling
parameters: Iset = 0.10 nA and Vset = �290 mV). Inset:
enlarged image of the hexagonal pore (tunneling para-
meters: Iset = 0.08 nA and Vset = �180 mV). White arrows
indicate the directions ofmain symmetry axes of underlying
graphite. All MM simulations were performed using the
COMPASS force field.
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was also observedwith guestmolecules coadsorbed in
some of the pores. The pores were classified into the
same categories described above. From a statistical
analysis of 4320 pores from 37 large area images
(60 nm � 60 nm), the distribution of the three types
of the pores was determined to be 7% for the bright
pores (red), 9% for the fuzzy pores (green), 81% for the
dark pores (blue), and 3% for the undefined pores
(pink), respectively (Figures 3d and S2 and Table 1). The
dimensions of all the pores were also found to be the
same (2.9 ( 0.1 nm for the average corner-to-corner
distance). Unit cell parameters are a = b = 5.0( 0.1 nm
and γ = 60 ( 1� (Table 2).

The formation of the honeycomb structure with a
mixture of the four pores was also observed for a
mixture of DBA-F and HPEB at the 1-phenyloctane/
graphite interface (Figure 3e). A statistical analysis of
the distribution of the three types of pores based on
the evaluation of 1855 pores (17 images) afforded
the following results: 65% for the bright pores, 22%
for the fuzzy pores, 7% for the dark pores, and 7% for
the undefined pores (Figures 3f and S3 and Table 1).
Once again, there is no difference in the average
corner-to-corner distances among the three pore types
(2.9 ( 0.1 nm). Unit cell parameters are a = b = 5.0 (
0.1 nm and γ = 60 ( 1� (Table 2).

The molecular network formed by a mixture of
DBA-H andHPEB is shown in Figure 3g. The formation
of a honeycomb structure was observed with the
following distributions of the three pore types: bright

pores, 59%; fuzzy pores, 31%; dark pores, 6%; unde-
fined pores, 3% (Figures 3h and S4 and Table 1).
Unexpectedly, the locations of the bright pores formed
an ordered arrangementwithin the honeycomb lattice.
Namely, the fuzzy, dark, and undefined pores were
surrounded by the bright pores, showing a long-range
ordering of the bright pores. This long-range periodi-
city was confirmed by the analysis of the distribution of
the nearest-neighbor distances between the pores
assigned as the fuzzy, dark, and undefined pores in
12 large area images (60 nm � 60 nm; see Supporting
Information for details about periodicity analysis). On
the other hand, the positions of the fuzzy and dark pore
are random. Careful analysis of the structural differ-
ences between the three pore types revealed that the
size and shape of the bright pores are different from
those of the other pores. The averaged corner-to-
corner distance, which is defined by the distance
between the phenylene units at the opposite corners
across the hexagonal pore, is 2.7 ( 0.2 nm for the
bright pores, whereas this distance is 3.0 ( 0.2 nm for
the other pores (Table 2). Thus, the bright pores are
smaller than the other pores. To clarify the shape of the
hexagonal pores, we measured the distance between
the centers of alternating DBA units around each
hexagonal pore. For the fuzzy and dark pores, all
distances were identical (5.1 ( 0.1 and 5.0 ( 0.2 nm,
respectively), indicating that the positions of the cen-
ters of the DBA cores correspond to the vertices of a
regular hexagon. Note, however, that the shapes of the

TABLE 1. Distributions of the Bright, Fuzzy, and Dark Pores

number of pores counted and its fraction (%)

DBAa guesta total number of pores analyzed bright pore fuzzy pore dark pore undefined pore

DBA-F HPEB-F 3827 757 (20%) 1388 (36%) 1521 (40%) 161 (4%)
DBA-H HPEB-F 4320 312 (7%) 379 (9%) 3497 (81%) 132 (3%)
DBA-F HPEB 1855 1199 (65%) 403 (22%) 126 (7%) 127 (7%)
DBA-H HPEB 1607 955 (59%) 500 (31%) 99 (6%) 53 (3%)

a In all cases, the concentrations of DBA and guest are 3.1 � 10�6 and 1.3 � 10�6 M, respectively.

TABLE 2. Corner-to-Corner Distances of Pores and Distance between the Centers of Alternating DBA Units around Each

Hexagonal Pore

average corner-to-corner distancea distance between the centers of alternating DBA units

DBA guest bright pore (nm) other pores (nm) bright pores (nm) fuzzy pores (nm) dark pores (nm)

DBA-F 2.9 ( 0.1b 5.0 ( 0.1
DBA-F HPEB-F 3.0 ( 0.1 3.0 ( 0.1 5.0 ( 0.1 5.0 ( 0.1 5.0 ( 0.1
DBA-F HPEB 2.9 ( 0.1 2.9 ( 0.1 5.0 ( 0.1 5.0 ( 0.1 5.0 ( 0.1
DBA-H 2.9 ( 0.1b 5.0 ( 0.2
DBA-H HPEB-F 2.8 ( 0.1 2.9 ( 0.2 5.0 ( 0.1 5.0 ( 0.2 5.0 ( 0.1
DBA-H HPEB 2.7 ( 0.2 3.0 ( 0.2 5.0 ( 0.1c 5.0 ( 0.1 5.0 ( 0.1

4.7 ( 0.1c

a The corner-to-corner distance corresponds to the distance between the phenylene linkers at the opposite corners across the hexagonal pore. b The size of the dark (free) pores.
c Two distances were observed.
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hexagonal pores are not regular hexagon due to the
chirality originating from the direction of the interdi-
gitation of the alkyl chains.40 Though we could not
conclude that the fuzzy and dark pores are a regular
hexagon on the basis of these distances, we assumed
that the fuzzy or dark pores preserve a regular hexagon
taking into account the C6-symmetric nature of the
network. Moreover, all angles of these hexagonal pores
were ca. 120� from the analysis of the images. In com-
parison, the same analysis for the bright pores revealed
two different distances (5.0( 0.1 nm for green double-
headed arrows and 4.7 ( 0.1 nm for red double-
headed arrows in Figure 4a). For the bright pores, the
positions of the DBA cores correspond to a hexagon
distorted to C3-symmetry. On the basis of these para-
meters, we have produced a geometric drawing of the
superlattice structure present in the DBA-H and HPEB
network, shown in Figure 4b. The interior angles of the
hexagonal pores containing the guests (bright pores)
are widened or shortened by ca. 6� compared to a
regular hexagon. Moreover, the edges of the hexagons
shared by two bright pores (yellow lines, 2.7 nm) are
slightly shortened by ca. 0.2 nm in comparison to the
edges between different pore types (white lines,
2.9 nm). The unit cell of the superlattice structure
thereby contains three pores, and the parameters are
a = b = 8.6 ( 0.2 nm and γ = 60 ( 1�.

DISCUSSION

Summary of STM Observations. DBA-F and DBA-H form
honeycomb structures placing the fluoroalkyl or alkyl
chains around the perimeter of the hexagonal pores.
The guest binding abilities of the functional pores were
studied using HPEB-F and HPEB as guest mole-
cules. By comparing the number of the bright and
fuzzy pores to the number of dark and undefined
pores (Table 1), it is observed that HPEB-F was

accommodated in 56 and 16% of the pores formed
by DBA-F and DBA-H, respectively. Conversely, when
HPEB was used as a guest molecule, the guest
occupancy became 87 and 90% for the pores formed
by DBA-F and DBA-H (Table 1). The combination of
DBA-H/HPEB generated an unexpected superlattice
structure consisting of a periodic deformation of
the hexagonal network. These results are discussed
in terms of molecular mechanics simulations and
quantum chemical calculations as described be-
low, highlighting the nonbonding interactions and
size complementarity between the pore and guest
molecule.

Interactions between the Pores and Guest Molecule. In
general, themain driving forces for guest coadsorption
at surface-confined pores are van der Waals interac-
tions of the guest molecule with the substrate and
the surrounding host matrix (the rim of the pore)
which operate in a vertical and lateral fashion, respec-
tively.6�10 In the case of the DBA-F network, modifica-
tion of the pore interior with fluoroalkyl groups is
expected to form a fluorous environment. The electro-
negative nature of the fluorine atoms in the fluoroalkyl
group is expected to cause electrostatic interactions
with C�H bonds in the guest molecule.46 To evaluate
the strength of these noncovalent intermolecular in-
teractions, we performed MM simulations using the
COMPASS force field for models of the network struc-
tures placed on a graphene bilayer which represents
graphite. Since experimentally no difference was ob-
served for the unit cell parameters of the three host�
guest combinations, DBA-F/HPEB-F, DBA-F/HPEB,
and DBA-H/HPEB-F, identical periodic boundary con-
ditions were applied (a = b = 5.08 nm and γ = 60�). For
comparison, virtualDBA-H/HPEB-H assembly was also
optimized under the same conditions. Note that, be-
cause of the use of identical unit cell parameters, the
calculated potential energies per mole are propor-
tional to those per unit area (see also Experimental
Section for the details). Optimized geometries are
displayed in Figure 5, and calculated intermolecular
interactions (kcal/mol) and internal energies (kcal/mol)
are summarized in Table 3 and Table S2, respectively. In
Table 3, Etotal represents the interaction energy of the
entire system consisting of the molecular network of
DBA, guest molecules, and the graphite sheet includ-
ing all intermolecular and molecule�substrate inter-
actions. Ehost consists of two kinds of interaction ener-
gies of the molecular network of DBA on the graphite
sheet, one for nonbonding interaction energies of the
host network including both intra- and intermolecular
interactions and the other for host�substrate interac-
tions, and Eguest is the sum of two kinds of interaction
energies, an intramolecular nonbonding interactions
of the guest molecule in itself without substrate and
the interactions between the guest and substrate.
From these values, the interaction energies (kcal/mol)

Figure 4. (a) STM image of the superlattice structure
formed by DBA-H and HPEB. The red and green double-
headed arrows indicate the distances between the centers
of alternating DBA cores in the hexagonal networks. The
average distances are 5.0( 0.1 and 4.7( 0.1 nm for red and
green arrows, respectively. (b) Schematic representation
of a superlattice formed by DBA-H and HPEB. The regular
hexagon at the center of the figure is surrounded by
six distorted hexagons. The magenta and bright turquoise
lines correspond to the next nearest-neighbor distances
(4.7 nm and 5.0 nm, respectively) in the regular and dis-
torted hexagons. The angles indicated by white, red, and
yellow curved lines are 120�, 126�, and 114�, respectively.
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between the host network and guest molecule,
Ehost�guest = Etotal � Ehost � Eguest, were calculated,
which are included in Table 3. The Ehost�guest value for
the DBA-F/HPEB-F pair is the largest of all. Moreover,
Ehost�guest value of the DBA-F/HPEB pair is larger than
that for theDBA-H/HPEB-F pair. This is consistent with
the experimental observation of a lower guest oc-
cupation for the DBA-H/HPEB-F network. The lower
proportion of guest binding in the DBA-F/HPEB-F
network as compared to the DBA-F/HPEB network
despite having the most favorable intermolecular
interaction energy is attributed to a size complemen-
tarity effect as discussed in the following section.
Though the smallest Ehost�guest value was calculated

for the DBA-H/HPEB network, the experimentally
observed high proportion of guest binding is attrib-
uted to the superlattice formation also as described
later.

In order to ascertain the nature of intermolecular
interactions between the pore functional group and
guest molecule, we performed quantum chemical
calculations usingpairs of simplifiedmodels. Octafluor-
opropane and propane were employed as models for
the functional groups placed around the perimeters of
the pores. On the other hand, 1,2,3-trifluorobenzene
and benzene were used as models for the peripheral
parts of the guest molecules (see Experimental Section
for the details). The initial geometries of the pairs were

Figure 5. Tentative network models of (a) DBA-F and HPEB-F, (b) DBA-H and HPEB-F, (c) DBA-F and HPEB, and (d) DBA-H and
HPEB on a bilayered graphene sheet bymolecular mechanics simulations (MM3 parameters) using the experimental unit cell
parameters as periodic boundary conditions (a = b = 5.08 nm and γ = 60�). (e) Close-upmodel for (a) highlighting bent angles
of the acetylene unit of HPEB-F. (f) Chemical structure with average bond angles between C(sp2, central benzene)�
C(sp)�C(sp) and C(sp)�C(sp)�C(sp2, peripheral aryl groups) of the acetylene units. In the case of the DBA-H/HPEB-F
combination, the corresponding bond angles of the acetylene units are nearly 180�.
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set to involve themaximumnumber of interaction sites
between the molecules. The geometries of the pair
models were optimized with a C2v-symmetry con-
straint using the MP2/aug-cc-pVDZ or MP2/aug-cc-
pVTZ levels of theory.47,48 Figure 6 shows optimized
geometries of the pair models. The energies of inter-
molecular interactions were calculated by subtracting
the energies of the constituent molecules from that of
the corresponding pair model (Table 4). Basis set
superposition error was corrected for all calculations
using the counterpoise method. The pair of octafluor-
opropane/1,2,3-trifluorobenzene is calculated to be
more stable than the pairs of octafluoropropane/
benzene and propane/1,2,3-trifluorobenzene. The in-
teraction energy of the octafluoropropane/benzene
pair is larger than that of the propane/1,2,3-trifluoro-
benzene pair. These results qualitatively agree with the
result of the MM simulations. The pair of propane/
benzene shows comparable interaction energy to that
of the octafluoropropane/1,2,3-trifluorobenzene pair
contrary to the prediction by the MM simulations. This
contradiction would be attributed to a size mismatch
between the pore and guest molecule in the MM
simulation, which is discussed in the following sec-
tion. Next, charge distributions in the optimized
geometries were calculated by natural population
analysis at the MP2/aug-cc-pVTZ level of theory.
The results are shown in Figure 6. For the octafluor-
opropane/1,2,3-trifluorobenzene pair, the fluorine
atoms of both molecules are significantly negatively
charged (Figure 6a). This implies that the fluo-
rophilicity due to the dispersion forces between
fluorine atoms plays an important role in the
stabilization.24,47�49 By contrast, for the propane/
1,2,3-trifluorobenzene and octafluoropropane/benzene

pairs, the fluorine atoms are negatively charged, as
well, whereas the hydrogen atoms preserve positive
charge (Figure 6b,c). The magnitudes of the absolute
charge in the latter pair are larger than that of the
former, indicating more favorable electrostatic inter-
action in a fluoroalkane/aromatic C�H pair.50�53

Moreover, the shortest interatomic distance in the
former pair is slightly shorter than that in the latter
(Table 4), in support of more favorable electrostatic
interaction in the former. In the case of the propane/
benzene pair, both hydrogen atoms are positively
charged, showing van der Waals interactions
(Figure 6d). On the basis of the above analysis, we
suggest that the favorable guest binding ob-
served for the combinations of DBA-F/HPEB-F and
DBA-F/HPEB are attributed to fluorophilicity and

TABLE 3. Intermolecular Energies for Host�Guest Systems on Bilayered Graphene Sheet Calculated by MM Simulations

Using COMPASS Force Field

intermolecular energy (kcal/mol)a

host network (Ehost)
b guest molecule (Eguest)

c

DBA guest

whole system

(Etotal)

nonbonding interactions

without substrate

host�substrate

interaction

nonbonding interaction

without substrate

guest�substrate

interaction

interaction energies between

the host and guest molecule

(Ehost�guest)
d

DBA-F HPEB-F �696.4 79.2 �604.5 �35.6 �112.4 �23.1
DBA-H HPEB-F �741.8 11.1 �594.9 �33.9 �111.1 �12.9
DBA-F HPEB �606.2 67.9 �607.0 48.7 �99.2 �16.6
DBA-H HPEB �685.4 �8.2 �615.7 49.1 �101.3 �9.24

a Sum of the intermolecular and molecule�substrate interaction energy. Internal energies are summarized in Table S2. b Ehost values were obtained by single point energy
calculations for the host�guest systems in their optimized geometries which do not contain the guest molecules. They consist of the nonbonding interactions without
substrate and the host�substrate interactions. To determine the contribution of these parameters, the former energies were elucidated by single point energy calculations for
the host�guest systems in their optimized geometries which do not contain the bilayered graphene and the guest molecules. c Eguest values were obtained by single point
energy calculations for the host�guest systems in their optimized geometries which do not contain the host networks. They consist of the nonbonding interactions
without substrate and the host�substrate interactions. To determine the contribution of these parameters, the former energies were elucidated by single point energy
calculations for the host�guest systems in their optimized geometries which do not contain the bilayered graphene and the host networks. d Calculated by the following
equation, Ehost�guest = Etotal � Ehost � Eguest.

Figure 6. Optimized geometries for the pair models be-
tween (a) octafluoropropane and 1,2,3-trifluorobenzene, (b)
propane and 1,2,3-trifluorobenzene, (c) octafluoropropane
and benzene, and (d) propane and benzene by the MP2
simulations at the aug-cc-pVTZ level of theory. The values at
the relevant atoms are the atomic charges calculated by
natural population analysis.
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electrostatic interaction between the host network
and guest molecule, respectively.

Effect of Size Complementarity on Guest Binding. In gen-
eral, size and shape complementarity between guest
and pore helps to maximize van der Waals interactions
and is a major factor in determining the guest binding
ability.6�10 In the case of the modified DBAs, DBA-F
and DBA-H, the pore sizes should be defined to a
certain extent by the alkyl chain length (the inner C14
chain and the outer C10O-phenylene unit) attached
directly to the DBA core. However, the size of the
hexagonal pore formed by DBA-F should be slightly
smaller than that of DBA-H (Table 2) because of the
larger van der Waals radius of fluorine (1.47 Å) as
compared to that of hydrogen (1.27 Å).54 Indeed, the
mean volume of fluoroalkanes is reported to be larger
than that of alkanes, with cross sections of 27�30Å2 for
the former and 18�21 Å2 for the latter.55�59 Similarly,
for the guest molecules, the diameter of HPEB-F is
larger than that of HPEB. The longest distances be-
tween two terminal atoms estimated for the optimized
geometries at the M062x/6-311g(d,p) level of theory
are 19.2 and 18.6 Å, respectively.

The DBA-F/HPEB pair exhibited the best size
matching in addition to favorable host�guest interac-
tions showing the largest proportion of guest bind-
ing. In the case of the DBA-F/HPEB-F combination,
whereas the size of the pore is the same, the guest size
is larger. In the model optimized by the MM simula-
tions, the acetylene units ofHPEB-F at the pore adopt a
distinctly bent geometry (Figure 5e,f) to avoid steric
repulsion. Because of this disadvantage, the proportion
of guest binding remains small despite the stronger
intermolecular interactions between the pore func-
tional groups and guest molecule as a result of the
fluorophilicity. Conversely, in the case of the combina-
tion of DBA-H/HPEB, the size of the guest is slightly
smaller than that of the pore. Therefore, the pores are
deformed and shrink in order to maximize van der
Waals interactions with the guest molecule. Note that
once the hexagonal angles are expanded at one corner
and reduced at the second corner to the same extent
to form a C3-symmetric structure, the third corner
should remain at 120� (Figure 4b). Such regular

deformation of the hexagonal network results in the
formation of the superlattice structure. This unique
structural change through an induced-fit mechanism
is ascribed to the adaptability of the DBA molecules to
adjust the angle with which the alkyl chains are
attached to the core.60 This reveals a dynamic char-
acteristic of the porous self-assembled monolayer
formed by DBA derivatives.61

From the above discussion, we conclude that the
pores of the DBA-F and DBA-H networks are not
enlarged by an induced-fit mechanism61 in response
to a large guest molecule because the phenylene
linkers at the corners of the pore prevent the slippage
of the interdigitated alkyl chains, in marked contrast
to the pristine DBAs with linear alkoxy chains of
comparable chain length.62 In response to a small

guest molecule, however, the pore in the DBA-F
and DBA-H networks can be deformed by chang-
ing hexagon angles in a regular manner to maximize
intermolecular interactions through an induced-fit
mechanism.

CONCLUSIONS

We have designed DBA-F and DBA-H for the con-
struction of the modified pores with the fluoroalkyl or
alkyl chains placed around the perimeter of hexagonal
pores. The investigation of the guest binding abilities
of the modified pores in the DBA-F network using
hexakis(phenylethynyl)benzene HPEB and its fluor-
oalkyl cousin HPEB-F as guest molecules revealed that
the modified pores exhibited guest binding attributed
to electrostatic interactions and fluorophilicity be-
tween the guests and the (fluoro)alkane groups. This
is, to our knowledge, the first example of a noncovalent
interaction other than van der Waals forces being
utilized in binding to neutral guest molecules at a
surface-confined pore. During the course of this study,
we have also observed the formation of a superlattice
structure formed by a periodic structural deformation
of the hexagonal pores of the DBA-H network in
response to HPEB through an induced-fit mechanism.
This unique behavior is ascribed to the characteristic
adaptability of the modified 2D porous network
formed by DBA molecules. The present results provide

TABLE4. Shortest Interatomic Distances and Interaction Energies for PairModels byMP2/aug-cc-pVDZ andMP2/aug-cc-

pVTZ Calculations

MP2/aug-cc-pVDZ MP2/aug-cc-pVTZa

pair model shortest interatomic distance (Å) interaction energy (kcal/mol)b shortest interatomic distance (Å) interaction energy (kcal/mol)b

C3F8�C6H3F3 3.13 �1.12 3.07 �1.29
C3H8�C6H3F3 3.03 �0.73 3.01 �0.82
C3F8�C6H6 2.94 �0.78 2.88 �1.01
C3H8�C6H6 2.62 �1.24 2.60 �1.36

a A larger basis set is preferred to reproduce F 3 3 3 F and F 3 3 3 H interactions as reported in refs 49 and 50. b Calculated by subtracting the energies of the constituent
molecules from that of the pair model. Basis set superposition error was corrected for all calculations using the counterpoise method.
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a significant insight toward the creation of functional
materials on the basis of the surface-confined porous

networks and also in the field of 2D crystal engineering
in general.

EXPERIMENTAL SECTION
STM Investigation. All experiments were performed at 20�

25 �C using a Nanoscope IIIa (Digital Instruments Inc.) with an
external pulse/function generator (Agilent 33220A) with nega-
tive sample bias. Tips were mechanically cut from Pt/Ir wire
(80%/20%, diameter 0.20 or 0.25 mm).

Prior to imaging, DBAs and guest molecules were dissolved
in commercially available 1-phenyloctane (TCI) at solute con-
centrations of ca. 10�6M, and a drop of this solution (∼8 μL) was
applied on a freshly cleaved surface of HOPG (grade ZYB,
Momentive Performance Material Quartz Inc., Strongsville,
OH). To minimize kinetic effects, the STM images of monolayers
formed by a mixture of the host and guest molecules were
taken after annealing at 70 �C for 30 min in a sealed sample
drying oven. For annealing treatments, a liquid cell (25 μL)
placed on the substrate was employed tominimize the effect of
solvent evaporation. By changing the tunneling parameters
during the STM imaging, namely, the voltage applied to the
substrate and the average tunneling current, it was possible to
switch from the visualization of the adsorbate layer to that of
the underlying HOPG substrate. This enabled us to correct for
drift effects by the use of SPIP software (Image Metrology A/S).
The white colored axes shown in the figures indicate the
directions of the main symmetry axes of graphite underneath
the molecular layers.

Molecular Mechanics Simulation. Molecular mechanics simula-
tions were performed with the Materials Studio 5.5 using the
Discover module with COMPASS force field.

Each starting structure ofDBA-H,DBA-F,HPEB, andHPEB-F
was built from the respective molecular model whose structure
was optimized by the semiempirical PM3 method. Then, the
orientation of the alkyl chains relative to the π-system was
adjusted based on that observed in the STM images.

Themolecules were placed 0.35 nm above the first layer of a
periodic two-layer sheet of graphite (interlayer distance of
graphite is also 0.35 nm), and the alkyl chains were adjusted
to align parallel to the directions of the graphite symmetry axes.
The graphite structure was frozen during the simulations, and a
cutoff of 2.0 nm was applied for the van der Waals interactions
(Lennard-Jones type). All simulations were performed under
periodic boundary conditions (a = b = 5.08 nm, c = 10.0 nm, R =
β = 90� and γ = 60�).

Quantum Chemical Calculations. All theoretical calculations were
performed with the Gaussian 09 package.63 The MP2 functional
with the aug-cc-pVDZ or aug-cc-pVTZ basis set was used for the
geometry optimizations of heteromolecular dimers. Such large
basis sets are required to estimate the intermolecular inter-
actions of fluorinated molecules.47,48 Initial geometries with
C2v-symmetric constraints were set to maximize intermolecular
interactions between the functional groups. The energies of
intermolecular interactions were calculated by subtracting the
energies of the constituent molecules from that of the corre-
sponding pair model. Basis set superposition error was cor-
rected for all calculations using the counterpoise method.
Natural population analyses (MP2/aug-cc-pVTZ level of theory)
were performed for the optimized geometries by the MP2
calculations. The results are summarized in Figure 6 and Table 4.
For geometry optimizations of HPEB and HPEB-F, the M062x
functional with the 6-311G(d,p) basis set was used.
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