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he self-assembly of nanometer-sized
Tbuilding blocks on surfaces and at

interfaces is a powerful way to fabri-
cate complex molecular nanostructures
following the bottom-up principle.' "2 Sur-
face-confined two-dimensional (2D) molec-
ular networks, especially those with void
spaces, so-called “2D porous networks”, at-
tract a lot of interest." '3 These 2D porous
networks are used as hosts to immobilize
functional units as guest molecules in a
repetitive and spatially ordered arrange-
ment and also as a platform for the con-
struction of molecular devices."*"° The
porous networks are typically sustained via
hydrogen bonds, metal—ligand coordina-
tion, or even van der Waals interactions.
The size and geometry of the pores, actually
nanowells, in the networks could be easily
tailored by adjusting the size and symmetry
of the building blocks*®*~?* as well as the
substrate.>* Functionalization of these net-
works was achieved by introducing func-
tional groups to the building blocks.?>2%
Among them, the networks formed by
alkoxylated dehydrobenzo[12]annulenes
(DBAs) via alkyl chain interdigitation repre-
sent an interesting case.”’ > The flexibility
of the alkyl chains and the weak van der
Waals interactions between them make
the supramolecular network quite flex-
ible. These networks were observed
to change their structure not only in res-
ponse to the inclusion of “static” guest
molecules but also in response to the
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ABSTRACT We present a systematic scanning tunneling microscopic study on the mixing

behavior of molecules (DBAs) with different alkyl substituents at the solid—liquid interface to reveal

the phase behavior of complex systems. The phase behavior of binary mixtures of alkylated DBAs at

the solid—liquid interface can be predicted by the 2D isomorphism coefficient. In addition, we also

investigated the influence of coadsorption of template molecules on the phase behavior of DBA

mixtures. Coadsorption of these molecules significantly promotes mixing of DBAs, possibly by

affecting the recognition between alkyl chains. Monte Carlo simulations prove that the 2D

isomorphism coefficient can predict the phase behavior at the interface. These results are helpful

for the understanding of phase behavior of complex assembling systems and also for the design of

programmable porous networks and hierarchical architectures at the solid—liquid interface.

KEYWORDS: self-assembly - scanning tunneling microscopy - physisorption - phase

behavior - multicomponent

dynamics of clusters of guest molecules
captured in the nanowells.?'

Molecular recognition at interfaces invol-
ves many simultaneous interactions based
on molecular shape, size, functional groups,
etc.3273” The weak thus reversible supramo-
lecular interactions sustaining these net-
works enable the system to exhibit a sub-
stantial degree of dynamic behavior and
self-repair, which is a prerequisite for the
readout of structural and functional infor-
mation stored in the building blocks and for
obtaining highly ordered and defect-poor
assemblies.383°

The mixing behavior of molecules upon
adsorption from solution to the interface is
central for many phenomena of industrial and
academic relevance. Therefore, understanding
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the fundamental aspects controlling the phase beha-
vior of molecular mixtures at an interface is of parti-
cularimportance. The adsorption of a binary mixture of
two species with similar structure represents an ideal,
simplified model system. Clarke and co-workers have
investigated the mixing behavior of linear alkanes and
alkane derivatives (alcohols and acids) in “solid” mono-
layers at the liquid—solid interface using calorimetry
and incoherent elastic neutron scattering (IOENS).*0~4
For these compounds, which carried the same func-
tional group but differed in chain length, a clear
dependence of the mixing behavior on the difference
of chain length was detected: a large chain length
difference leads to complete phase separation, while
mixing is promoted upon decreasing the difference in
chain length. A quantitative parameter, the 2D iso-
morphism coefficient, which is defined as Lo =1 — Aun/
Acom: Where A, and Ao are the areas uncommon and
common for the unit cells of both species, was used to
predict the extent of mixing in binary monolayers.**

The interactions between interdigitated alkyl chains
in the DBA networks are quite similar in nature to those
of linear alkanes or alkane derivatives. However, in the
case of linear alkanes, changing the alkyl chain length
only affects the unit cell vector in one direction, while
in a truly 2D network of DBAs, it affects both unit cell
vectors. From the viewpoint of designing functional
nanosystems,** %’ the porosity of these networks and
their capability to accommodate guest molecules
make DBA systems highly appealing.

Computational approaches have been a comple-
mentary way to study the self-assembly of functional
molecules on solid surfaces. A modeling input enables
us not only to understand the key factors affecting the
assembly at the microscopic scale but also to predict
the morphology of thermodynamically stable phases.
The most popular methods to model the formation
and structure of 2D molecular networks have been
molecular dynamics (MD)*® and density functional
theory (DFT),** >3 though only small assemblies can
be treated. Another, somewhat underestimated, simu-
lation technique in the field of 2D self-assembly is the
Monte Carlo (MC) method which offers the possibility
of investigating large molecular systems under vari-
able conditions.>**>> An important merit of this techni-
que is that it can mimic the spontaneous self-
organization of functional molecules into naturally
emerging 2D patterns without imposing any con-
straints on the symmetry of the final superstructure.®®
Furthermore, the MC method is able to reproduce the
coexistence of different phases and to predict condi-
tions under which these phases are stable. The robust-
ness of the MC method is particularly visible in lattice
models in which the substrate and adsorbed molecules
are represented in a simplified way.>” Even though the
MC method seems ideally suited for modeling 2D
supramolecular architectures, its practical use has been

LEI ET AL.

reported for a rather limited number of experimental
systems.>8 60

In this study, we investigated the phase behavior of
binary mixtures of DBAs with alkoxy chains of different
length at the solid—liquid interface, by means of both
STM and theoretical simulations using the Monte Carlo
method. By this investigation, we show that (1) STM is
able to characterize the mixing behavior of such
systems with high spatial resolution and sensitivity;
(2) these more complex 2D networks follow similar
rules as developed from the linear alkane and alkane
derivatives; that is, an increased tendency of phase
separation was observed with increased difference in
alkoxy chain length; (3) the porosity of the networks is
maintained upon mixing; (4) the accommodation of
template or guest molecules significantly influences
the mixing behavior of DBAs in the monolayer; (5) by
mixing DBAs with different alkoxy chain length, the
symmetry of the networks as well as the number of
templates or guests per cavity can be tuned; and (6) the
phase behavior of these DBAs can be reproduced using
Monte Carlo simulations.

RESULT AND DISCUSSION

Assembling Behavior of DBA Binary Mixtures. As reported
previously,®’ the self-assembly structure formed by
these DBAs at the TCB/graphite interface depends
sensitively on the concentration. This turns out to be
true also for the binary mixtures of DBAs with different
alkoxy chains. One example is shown in Figure 1 (see
also Figures S1 and S7 in Supporting Information).
DBA-OC,, forms always honeycomb networks irre-
spective of its concentration when coadsorbed with
DBA-0OC,o. DBA-OC,, forms either a nonporous linear
pattern or a porous honeycomb structure, depending
on its concentration. Always phase separation was
observed due to the large difference in alkoxy chain
length. The surface coverage of the individual species
though depends on the concentration.?

To simplify the analysis, all experiments of binary
DBA mixtures at the TCB/graphite interface were car-
ried out at a concentration®® where both species form
dominantly porous honeycomb networks. We have
investigated different combinations of DBAs with vari-
able alkoxy chain length difference: two, four, six, and
even more methylene groups.

For binary mixtures of DBAs which differ in the
alkoxy chain length by two methylene units, two pairs
are investigated: DBA-OC,,4/DBA-OC;4 and DBA-OC,;¢/
DBA-OC,g. Typical STM images of monolayers formed
by the DBA-OC,4/DBA-OC;¢ binary mixture are shown
in Figure 2. On a large scale, phase separation is
revealed with pure domains of DBA-OC,, and DBA-
OC;6 (Figure 2a). At this concentration (DBA-OC;, =
32 x 107® M, DBA-OC;6 = 2.9 x 10~° M), DBA-OC;,
predominately forms porous honeycomb networks,
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Figure 1. Assemblies formed by a binary mixture of DBA-OC,, and DBA-OC,, at different concentrations. (a) DBA-OC; = 2.0 x
107> M, DBA-OC50 = 1.2 X 10> M; (b) DBA-OC;0=2.0 x 10~° M, DBA-OC50 = 1.2 x 10% M; (c) DBA-OC;=8.1 x 10”7 M, DBA-
0C0=4.8 X 10~7 M. In (a), DBA-OCj, exists exclusively as linear structure. In (b), DBA-OC,, forms dominantly linear structure,
but a small portion of honeycomb structure also exists, while in (c), DBA-OC,, forms predominantly honeycomb structure
with only a small portion of linear structure (marked by the white arrow).

Figure 2. STM image showing phase separation of DBA-OC,,4 and DBA-OC;¢ at the TCB/graphite interface (a). The section
profiles corresponding to the lines marked in the image are shown in (b). The 5.4 nm periodicity measured in line 1 indicates a
DBA-0OC,¢ network, while the 5.0 nm periodicity in line 2 is characteristic of a DBA-OC,, network. Note that domain
boundaries could be identified with molecular accuracy in some areas, as shown in (a) with the solid white lines. In other areas,
domain boundaries could be defined only roughly (dotted lines) due to mixing of both molecules. In some areas (c), these two
molecules show pronounced mixing, and no clear boundaries could be identified. The white arrows highlight some of the larger
cavities, which are formed by mainly or only DBA-OC;s. Concentration DBA-OC;4 = 3.2 x 10 % M, DBA-OC;6 =29 x 10 ° M.

while for DBA-OC, ¢, honeycomb networks coexist with
nonporous linear patterns. As shown in Figure 2b, DBA-
0C;4 and DBA-OC,;s domains could be identified by
measuring the periodicity of the networks. However, a
pronounced fraction of nano- and molecular scale
mixing was also observed in some areas (Figure 2c),
where hybrid honeycomb networks formed by DBA-
0OC;4 and DBA-OC;¢ are revealed to coexist with pure
DBA-OC,4 and DBA-OC,¢ networks (some of the hon-
eycombs formed by DBA-OC; ¢ are indicated with white
arrows in Figure 2c). Hybrid networks are characterized
by a slight distortion in symmetry, irregular size, and
periodicity. The existence of hybrid networks also
makes it difficult to identify the domain boundaries.
It is worth noting that, though there is a about 0.5 nm
difference in the repeating period between the net-
works formed by DBA-OC;4 and DBA-OCg, it is not
straightforward to distinguish between both networks
in the STM images, especially in large-scale images.
This makes it difficult to exactly quantify the extent of
phase separation by analyzing the surface coverage of
individual networks.

For mixtures of DBA-OC;¢ and DBA-OC;g, it is even
harder to identify the DBAs and to evaluate the phase
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behavior (see Figure S2 in Supporting Information). An
increased mixing is anticipated.

As the alkoxy chain length difference increases to
four methylene groups, like DBA-OC,,/DBA-OC; g, a
more pronounced phase separation is revealed
(Figure 3a). Due to the increased difference in unit cell
parameters, now honeycomb networks of pure DBA-
0OCy4 and DBA-OC;g could be distinguished clearly.
However, thanks to the high spatial resolution of STM,
at domain boundaries, some extent of mixing was still
observable, as shown in Figure 3b. In the center of this
image, some hybrid networks can be seen, with the
aromatic core of DBA-OC,;, and DBA-OC;g highlighted
with yellow and blue circles, respectively. Some nan-
ometer-sized DBA-OC;, domains could also be observed
in the center of a DBA-OC, 5 domain and vice versa.

For binary mixtures of DBAs with an even larger
difference in alkoxy chain length (six methylene units
and above), complete phase separation was revealed,
without mixing even at domain boundaries (Figure 1
and Figure 4).

For linear alkane and alkane derivatives, the mixing
behavior in the adsorbed layers at the liquid—solid
interface depends upon both the symmetry and the

voL.5 = NO.5 = 4145-4157 = 2011 ACNJANC)

WWww.acsnhano.org

4147



Figure 3. Large-scale (a) and smaller-scale (b) STM images of the monolayer formed by a binary mixture of DBA-OC,, and
DBA-OC,g. Pronounced phase separation is observed in general. Nanometer-sized DBA-OC;g (DBA-OC,,) domains sur-
rounded by DBA-OC,, (DBA-OC;g) domains are highlighted by white (red) arrows. In (b), hybrid networks are observed at
domain boundaries, and the aromatic cores of DBA-OC,, and DBA-OC; are highlighted with yellow and blue circles. A
tentative model of the hybrid network is shown in (c). Concentration DBA-OCy4 = 3.2 x 10 ° M, DBA-OC;5=5.2 x 107 M.

Figure 4. STM images revealing the phase separation in a
monolayer of DBA-OC,, and DBA-OC,, at the TCB/graphite
interface. Concentration DBA-OC,, = 1.6 x 10~° M, DBA-
0Cy=12x10"°M.

quantitative similarity of the unit cells of the two pure
monolayers. To express quantitatively the similarity of
the unit cells of two alkane derivatives, Clarke et al.
proposed a parameter, the 2D isomorphism coefficient
0,2 which is defined as l,p = 1 — Aun/Acoms Where Ayp
and Acom are the areas uncommon and common for
the unit cells of both species. This parameter is analo-
gous to the isomorphism coefficient used to define the
unit cell similarity of alkanes. It explains the bulk phase
behavior of alkane mixtures, being defined in terms of
areas instead of volumes®® Though several other
parameters and models were also proposed to de-
scribe the mixing behavior of binary mixtures like
alkanes,®® surfactant,®” and lipids,%® we chose the 2D
isomorphism coefficient due to its simplicity and high
relevance to the current system. The 2D isomorphism
coefficient of the binary mixtures tested in the above
experiments and their corresponding phase behavior
at the interface are summarized in Table 1. For the
binary mixtures with components differing in the
alkoxy chain length by only two methylene groups,
the value of /,p falls in the range of 0.82 and above, and
significant mixing was revealed. For the combinations
with alkoxy chains differing by four methylene groups,
only a small extent of mixing was detected at domain
boundaries. For combinations with an even larger
difference in alkoxy chain length, complete phase

TABLE 1. Summary of the Phase Behavior of Binary
Mixtures in the Absence and Presence of Template
Molecules

phase behavior

chain length without with
combination difference” Iy’ template template
DBA-0C;5/DBA-0Cyg 2 0.86 NA mixing
DBA-0C;¢/DBA-0C;g 2 0.84  mixing NA
DBA-0C;4/DBA-0C;¢ 2 0.82  partial mixing  mixing
DBA-0C;¢/DBA-0C5o 4 0.66 NA partial mixing
DBA-0C,4/DBA-0C;g 4 0.61  phase partial mixing
separation
DBA-0C,4/DBA-0C5o 6 042  phase partial mixing
separation
DBA-0C,¢/DBA-0C59 10 —036  phase phase
separation separation

@ Expressed in number of methylene groups. NA: not assigned. ® Iy was calculated
according to the unit cell parameters of the honeycomb network of DBAs; to
differentiate from /5, we call it experimental 2D isomorphism coefficient.

separation was revealed, without mixing even at do-
main boundaries. The /,p values for these combina-
tions are smaller than 0.7. Noteworthy, the /55 value for
the combination DBA-OC,,/DBA-OC,, even shows a
negative value due to the big difference of the unit
cells. Though we have difficulties unequivocally iden-
tifying DBA molecules with very similar alkoxy chains
(difference of only two methylene groups), especially
in large-scale STM images, a qualitatively similar trend
as revealed for alkane/alkane derivatives is observed:
complete phase separation happens for small /,p
values, while with an increasing isomorphism coeffi-
cient, partial mixing to complete mixing is expected.
The onset of partial mixing for alkanes and alcohols
was found to be around /5 = 0.7, and ideal mixing
happens when I, reaches 0.9. For the DBA networks,
the I, value for the onset of partial mixing is expected
to lie between 0.61 and 0.82 (Table 1).

Monte Carlo Simulation. To gain further insight in the
phase behavior, theoretical simulations with lattice
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Figure 5. Examples of molecular structures used in the
Monte Carlo simulations. The tripods consist of a central
segment (core) and three arms composed of n segments
each. The numbers in the figure, n, refer to the arm length of
the corresponding molecule.

Monte Carlo method were conducted. In order to
simulate the mixing behavior of the binary mixtures,
we first built a simple and general model that is able to
reproduce the common honeycomb structure of orde-
red monolayers formed by chemically different tripod-
shaped organic molecules. The construction of the
model and simulation on the single-component sys-
tem was reported in detail elsewhere.> In our model,
as a first approximation, we neglect system-dependent
factors such as flexibility of the molecular building
block, influence of solvent, and the possibility of
desorption of the molecules from the surface.

The DBA molecules were represented by flat rigid
structures composed of a central segment called “core”
with three n-membered arms attached to it, as shown
schematically in Figure 5. Accordingly, a molecule of
size n comprised 3n 4+ 1 segments, each of which was
allowed to occupy one adsorption site, which is one
vertex of the lattice. In the simulation, the mixture
always consisted of equal numbers (100 4+ 100) of
molecules differing by one or two segments per arm.
The simulations were performed on a simple triangular
L x L lattice of adsorption sites using the conventional
canonical Monte Carlo method with Metropolis
sampling.?® In addition to the standard MC moves,
including translation and rotation of a molecule, we
also used swap moves (exchange of unlike molecules)
whose attempt frequency was set to 20%. Specifically,
a single swap move involves a random selection of a
pair of unlike molecules followed by an attempt to
exchange their identities. To that purpose, the arms of
the small molecule are each elongated by a desired
number of segments (here by 1 and 2), and the arms of
the big molecule are simultaneously shortened by the
same number of segments. The original positions and
orientations of both molecules remain unchanged.
Next, potential energies of the original and new con-
figuration are compared, and the swap move is accep-
ted using the classical Metropolis acceptance rule.®® As
we observed, including these moves did not change
qualitatively the obtained results, as the density of the
adsorbed phase considered here was very low and
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Figure 6. Mixing behavior of tripod molecules differing by
one segment (An = 1) in an arm (equimolar mixture, scale is
not preserved). The white numbers in the upper left corner,
n’ 4+ n", indicate the number of segments (n) in each arm for
each of the components. A red circle in the bottom left
corner indicates phase separation.

equilibration of the adlayer occurred quite fast even
when the swapping was switched off. To trace pseu-
dotemporal evolution of the system, we used a “time”
unit equal to one MC step being a single attempt of
changing the system state by means of translating and
rotating a molecule or by swapping a pair of molecules.

As mentioned previously,”® the simulations were
carried out assuming low density of the adsorbed
phase, p, which was defined as the total number of
molecular segments adsorbed on the lattice divided by
the lattice area, L. For molecules differing by one
segment per arm, the density was equal to 0.0425,
while for the molecules differing by two segments per
arm, it was set to 0.05. To keep constant density of the
mixed adsorbed phases composed of molecules with
different n, the lattice size was appropriately rescaled
(see Supporting Information and Table S1). Interactions
between molecules were restricted to nearest neigh-
boring segments on a triangular lattice. The energy of
interaction between a molecular core and an arm
segment was characterized by ¢, and that between
two arm segments by &,. Both energy terms are expres-
sed in kT units.

Our previous simulations on single-component sys-
tems indicate that the formation of honeycomb
networks depends both on the length of the arm
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Figure 7. (a) Temporal evolution of MP, the number of heterogeneous interactions per segment, for equimolar binary
mixtures of molecules differing by one segment in an arm, i.e., An = 1 and (b) /,p: theoretical 2D isomorphism coefficient of
different mixtures. The red circles mark the mixtures in which phase separation was observed.

Chart 1. Chemical structures of the DBAs (left) and nanographene (right) molecules.

R = CyHanyq, N =10, 12, 14, 16, 18, 20

segments and the properties of the core segment.>
For example, in case of ¢, = &, which means that
interactions between core—arm and arm—arm seg-
ments are identical and attractive, the molecules form
exclusively honeycomb networks when n = 2. In
contrast, when a repulsive interaction between core
and arm segments was assumed, completely different
patterns could be formed. For this reason, in the
simulation of binary mixtures, we assumed that the
molecules are composed of identical segments, that is,
&c = €5 = 1 kT. As we examined, this value guarantees
also the formation of the honeycomb pattern at the
densities considered here, regardless of n > 2. Note that
in the approach adopted here there is no direct corre-
spondence between a segment and a chemical building
block of a real molecule. Thus, this is a simple but general
model for the assembly of tripod-shaped molecules.
Figure 6 shows snapshots of MC simulations of a
layer from an equal mole mixture of n=n"and n=n" =
n" 4+ 1 molecules (i.e., An = 1). The snapshots marked
with red circles indicate immiscibility of the compo-
nents. The simulations show that segregation occurs
for n < 6. Interestingly, in the case 2 + 3 (i.e., n’ =2 and
n" = 3), smaller molecules are “coadsorbed” in the
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hexagons formed by the bigger molecules. For the
An = 2 mixtures, analogous results were obtained (see
Figure S10 in Supporting Information): segregation
occurs for n < 11. A notable characteristic of mixing is
the distortion of honeycomb networks (lower part of
Figure 6). The same phenomena were also observed in
the assembling of DBAs (DBA-OC,,4/DBA-OC;, for in-
stance, as shown in Figure 2). Thus, though it is difficult
to distinguish different DBAs in the STM images due
to the similarity in structure and size, the increase
in network distortion could serve as an indication of
mixing.

A problem is how to define whether and to what
extent the components mix in the modeled system.
Here we proposed a parameter which is informative at
least in a qualitative way. The mixing parameter (MP) is
the number of heterogeneous interactions per molec-
ular segment in the mixture. More precisely, it is the
number of neighboring pairs of segments belonging to
unlike molecules divided by the total number of seg-
ments in the system. If it is 0, a complete separation
without even phase boundary occurs. Thus, the extent
of separation can be measured using this parameter
and inspected visually.
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Number of template molecules per cavity

Figure 8. Comparison of the host—guest architectures formed by DBA-OC, 4 (a), DBA-OC; (b), and a mixture of DBA-OC,, and
DBA-OC;¢ (c) with nanographene 1. Panels e and f are identical to panels b and ¢, respectively: however, the host network is
highlighted with white lines to guide the eye, and the number of template molecules in each cavity is marked with characters
of different color. A histogram of the distribution of the number of template molecules per cavity (n,) in the pure DBA-OC;¢
network (red) and mixed network (green) is shown in (d). In the histogram, the last column represents the population

of cavities with an unidentified number of template molecules. Concentration DBA-OC;, = 1.6 x 107> M, DBA-OC;¢ = 1.4 X

10 ° M, nanographene = 2.1 x 10 ® M.

Figure 7a plots MP as a function of the number of
the MC steps calculated for the An = 1 mixture, for
different values of n. As it is seen in the figure, MP drops
sharply below 0.1 for n lower than 7, indicating im-
miscibility of the components. Obviously, the excep-
tion is the case 2 + 3 for which the higher value of MP
corresponds to the inclusion effect mentioned above.
Thus, visual inspection of the layer is always needed.
Note that these results agree fully with what is seen in
the snapshots from Figure 6. We got similar results for
An = 2 systems, and the mixing occurs for n < 10
(Figure S11 in Supporting Information).

To compare the results from simulation with those
obtained from the experiments, we calculated the
theoretical 2D isomorphism coefficient (o, See Sup-
porting Information) of the different mixtures simu-
lated (Figure 7b). The data points that correspond to
systems with immiscible components are highlighted
with red circles. For An = 1, a threshold value around
0.7 was found, which is in good agreement with the
experimental observations.

Effect of Template Inclusion. An interesting aspect of
2D nanoporous networks is its “host—guest” beha-
vior."'® As stated previously, the DBA networks are
sustained by van der Waals interactions between
interdigitated alkyl chains. The recognition between
alkyl chains of the same length in order to maximize

LEI ET AL.

percentage

o3 BBEA88388

3 4 5 8 7
number of template molecules per cavity

Figure 9. STM images of the host—guest architecture of
DBA-OC;g (a), DBA-OC,, (b), and a mixture of DBA-OC;g
and DBA-OC,,. The number of nanographene templates

is marked on the images with different colors, and the
distribution of n; is shown in (d). Concentration DBA-OC;g =
1.3 x 107> M, DBA-OC; = 1.2 X 10> M, nanographene =
21 x10 °M.

the interdigitation energy plays an important role in
governing the phase behavior of a binary mixture of
DBAs. When template or guest molecules are part of the
monolayer, the interactions between these molecules
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Figure 10. (a) Hybrid network formed by the mixture of DBA-OC;¢ and DBA-OC,, at the TCB/graphite interface in the
presence of nanographene; (b) is identical to (a). In (b), the number of nanographenes in each cavity is marked with different
colored characters. The distribution of n, in both pure DBA-OC,¢ and DBA-OC,¢/DBA-OC,, networks is shown in (c).
Concentration DBA-OC;¢ = 1.4 x 10> M, DBA-OCy, = 1.2 x 10 > M, nanographene = 2.1 x 10 ¢ M.

and host network could interfere with the above-
mentioned recognition process and thus influence
the phase behavior of the DBAs.

In the following experiments, we investigated the
influence of template or guest inclusion on the phase
behavior of DBA mixtures. To do so, a strategy which
was called “structural transformation by inclusion of a
template” was used.>**" In this case, the DBAs do not
form intrinsically porous networks at the concentration
used. Instead, the formation of porous networks is
induced by template molecules.

As reported previously,®' nanographene 1 (the
structure is shown in Chart 1) could efficiently induce
such a structural transformation for certain alkoxylated
DBAs, namely, from a template-free close-packed lin-
ear pattern to a template-filled porous honeycomb
pattern, with one to six nanographenes accommo-
dated in each cavity, depending on the length of the
alkoxy chains. However, due to the flexibility of the
DBA networks, there is a distribution of the number
of template molecules per pore (Figures 8 and 9).
Nevertheless, there always exists a most abundant,
characteristic nanographene cluster for each DBA, such
as a tetramer for DBA-OC¢ (see also Figure S3 in
Supporting Information), a pentamer for DBA-OC;g, and a
hexamer for DBA-OC,,. When two different DBAs coexist
at the interface, the spatial distribution of these charac-
teristic clusters could be used as an indication of phase
separation.

Figure 8 shows a comparison of the host—guest
architecture formed by nanographene 1 with pure and
mixed DBA networks (see also Figure S4 in Supporting
Information). In the architecture formed by DBA-OC,4
and nanographene 1, the nanographene molecules in
the cavities are mobile. This leads to a time-averaged
interaction with the edges of the hexagon cavity, and
therefore, the networks appear almost intact with
good symmetry. This is similar to the case of porous
networks formed under concentration control in the
absence of template, where the porous networks are
thought to be stabilized by the coadsorption of laterally
mobile solvent molecules. In contrast, for DBA-OC;¢, in
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most cavities, the template molecules are fixed by the
spatial constraints and the network is more distorted
(see Figure 8e). As shown in Figure 8d, the histogram of
the number of template molecules per cavity (n,) in the
DBA-OC;¢ network shows a distribution between 2 and 6.
Tetramers (n, = 4) are the most abundant clusters. This
distribution was considered to be an indication and the
result of the flexibility of the DBA network. Therefore, the
distribution of n, can be used as an indication of mixing
for bicomponent DBA systems. As shown in Figure 8d,
upon mixing of DBA-OC;4 and DBA-OC;¢ in the
presence of the nanographene template, a remark-
able change is the significantly increased abundance
of immobilized nanographene dimers and trimers.
As the number of templates per cavity (n,) can not be
identified in the DBA-OC,, network,®' while tetra-
mers are the most abundant species in the DBA-OC; ¢
network, the increased abundance of dimers and
trimers in the mixed binary network is an indication
of the formation of hybrid networks by both DBAs.
The hybrid network is expected to possess smaller
cavities in comparison with that of DBA-OC;4. An-
other difference is the increased population of cav-
ities with fuzzy features (corresponding to the
unmarked cavities in Figure 8e,f and indicated in the
histogram (Figure 8d) as “unidentified”) with respect to
DBA-OC;¢. These could be partially attributed to net-
works formed by pure DBA-OC,.

In addition, the spatial distribution of characteristic
clusters can serve as an indication of phase separation of
the corresponding DBAs. For instance, the spatial dis-
tribution of the clusters in the mixed network (Figure 8f)
shows no significant local enrichment of tetramers—the
characteristic host—guest architectures formed by pure
DBA-OC;¢ and nanographene (Figure 8e)—and con-
firms good compatibility of DBA-OC;, and DBA-OC;¢ in
the assembly.

For the combination DBA-OC;g and DBA-OC,q with
higher I,p, the histogram (Figure 9) indicates a nearly
equal abundance of pentamers and hexamers, which
implies there is no significant preferential adsorption
(see also Figures S5 and S6 in Supporting Information).
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Figure 11. (a) Hybrid network formed by the mixture of DBA-OC;, and DBA-OC, 5 at the TCB/graphite interface in the
presence of nanographenes; (b) is identical to (a). In (b), the number of nanographenes in each cavity is marked with different
colored characters. The distribution of n; in both pure DBA-OC,g and DBA-OC,,/DBA-OC;g networks is shown in (c).
Concentration DBA-OC;, = 1.6 x 10> M, DBA-OC;5 = 1.3 x 10> M, nanographene = 2.1 x 10" ¢ M.

[ DBA-0C20
I DBA-OC14820
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Number of template molecules per cavity

Figure 12. STM images (a,b) and histogram of distribution of n; in the network (c) formed by mixture of DBA-OC;,/DBA-OC;,.
Concentration DBA-OC;, = 1.59 x 107> M, DBA-OC,, = 1.20 x 10~> M, nanographene = 2.10 x 10~® M. Panel b is identical to
panel a. The number of nanographenes in each cavity is marked with different colored characters.

Again the spatial distribution of the characteristic clus-
ters (Figure 9¢) could be used to evaluate the degree of
mixing. In pure DBA-OC;g and DBA-OC,, networks,
pentamers and hexamers are the typical nanogra-
phene clusters, respectively. In the bicomponent net-
work, these clusters are distributed nearly randomly,
which indicates that the two DBAs are probably mixed
ideally in the monolayer.

With an increased difference in alkoxy chain length,
the spatial distribution of template clusters in the
mixed network of DBA-OC;s/DBA-OC; (four methy-
lene difference) indicates a significant tendency of
phase separation, which shows up as a nonrandom
distribution of nanographene hexamers and smaller
clusters in different areas, as shown in Figure 10b.
However, the phase separation is not complete, as
revealed in the histogram shown in Figure 10c. The
distribution of n; in the mixed network (dark blue)
clearly shows an increased abundance of pentamers in
comparison with the distribution expected for a com-
plete phase separation without preferential adsorption
(light blue).”® Simultaneously, the histogram also in-
dicates a significant decrease for the abundance of
hexamers. On the contrary, the abundance of smaller
clusters (dimer to tetramer) shows good agreement
with expectation. This change in distribution could be
interpreted by a partial mixing of these two DBAs in the
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presence of nanographene, where the hybrid networks
which mainly host pentamers contain more DBA-OCyq
than DBA-OC;¢. This could explain why there is a
significant decrease in the abundance of hexamers
while the abundance of tetramers is nearly not af-
fected. Another possibility is preferential adsorption of
DBA-OC;¢. Though molecules with longer alkyl chains
are normally expected to adsorb preferentially due to
stronger interaction with the substrate,” for the DBAs,
this is not necessarily true considering the increased
porosity of the network upon elongation of the alkoxy
chains. The effect of network porosity on the prefer-
ential adsorption of DBAs was reported in detail
recently.%> The coadsorption of the nanographene
template could also change the sequence of prefer-
ential adsorption. The third possibility is a combination
of these factors.

For another combination with a difference in the
alkoxy chain length of four methylene groups, DBA-
0C,4/DBA-OC,g, the same trend is revealed as for DBA-
0OC,4/DBA-OC,0: partial phase separation happens with
a characteristic local enrichment of pentamers and
small domains with undistinguishable templates in
the cavity. The latter is attributed to DBA-OC,; 4 domains
and the former to DBA-OC,g-rich domains. Though no
significant difference could be identified in the spatial
distribution of clusters as compared to that in the pure
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DBA-OC;g network, the histogram of n; (Figure 11c)
reveals a discernible increase in the abundance of tetra-
mers and trimers. Combined with a decrease in the
population of pentamers, this could serve as a proof of
partial mixing of the two DBAs in the monolayer.

If the difference in alkoxy chain length measures six
methylene groups, as for the mixture of DBA-OC,, and
DBA-OC,, in the presence of nanographene, increased
tendency of phase separation is revealed. Surprisingly,
the histogram still shows some extent of mixing, that is,
an increased abundance of small clusters, which are
not frequently observed in pure DBA-OC,, networks
(Figure 12). Only when the difference in alkyl chain
length increased to 10 methylene groups (combi-
nation DBA-OC,,/DBA-OC;,) was the phase separation
complete. No significant difference in the distribution
of the number of templates per cavity is revealed in
comparison with that in pure DBA-OC,q and DBA-OC;,
networks (Figure 13).

Effect of Concentration. Note that the high reversibility
of noncovalent interactions involved in the self-assem-
bling of molecules at the solid/liquid interface guarantees
the best possible conditions to achieve equilibrium and
thus favors the formation of thermodynamically stable
structures. However, in some cases, metastable phases
could be kinetically trapped and be observed by STM.'*73

Figure 13. Large-scale (a) and high-resolution (b) STM
images show the phase separation of DBA-OC,, and DBA-
0C,, in the presence of nanographene. Concentration DBA-
0C;0=2.0 x 10°° M, DBA-OC5, = 1.2 x 10~> M, nanogra-
phene=2.1 x 107 M.

e%%@%’ C] [ DBA-OC14&16H

In the “template inclusion induced transformation”, the
honeycomb networks formed by the DBA mixtures pre-
sented above are stabilized by the inclusion of nanogra-
phenes inside the cavities. Most of these DBAs do not
form porous networks intrinsically under these experi-
mental conditions (solvent, concentration) in the ab-
sence of template molecules. Upon coadsorption of the
template molecules, the networks are more distorted,
probably because of unoptimized alkyl chain inter-
digitation interactions. The question arises if the
phase behavior in the presence of the nanographene
template represents a kinetically or thermodynami-
cally favored situation. Therefore, the coadsorption
of DBA-OC,,4 and DBA-OC;¢ in the presence of nano-
graphene was tested under concentration condi-
tions where both DBAs intrinsically form porous
networks. In this case, the nanographene molecules
are expected to act as guests. More cavities were
characterized with fuzzy features (Figure 14a) in com-
parison with the networks formed at higher concen-
tration (Figure 8c). A similar observation was made
for mixtures of the pure DBA systems and the nano-
graphene template (see Figure S8 in Supporting
Information). However, the distribution of n; only
shows a slight shift toward larger clusters: a decrease
of dimer and trimers and an increase of tetramers and
pentamers. Anyhow, the distribution of ny is still sig-
nificantly different from that of pure DBA-OCs.
This indicates that the observed stronger tendency
toward mixing in the presence of template molecules
reflects to a large extent the intrinsic properties of the
system, though the mixing behavior in the case of
template-induced transformation is indeed affected by
kinetic factors.

CONCLUSION

We have investigated the phase behavior of binary
mixtures of alkoxylated DBA derivatives which differ in
the length of the alkoxy chains, in the absence and
presence of a molecular template (i.e., nanographene).

[ DBA-OC14816L
(3 I DBA-OC16

2 3 4 5 6
Number of template molecules per cavity

Figure 14. (a) STM image of the host—guest architecture formed by coadsorption of DBA-OC, 4 and DBA-OC;¢ in the presence
of nanographene. The concentrations of DBA-OC,, and DBA-OC;s are 3.2 x 10 ®and 2.9 x 10 ® M, respectively, while the
concentration of nanographene is 2.1 x 10~® M. Panel b is identical to panel a, with the host network highlighted with white
lines and the number of template molecules per cavity marked with differently colored characters. The histograms of the
distribution of n, with high (red) and low (green) concentration of DBAs are shown in (c).”? The histogram of n, for DBA-OC
(blue) in the absence of DBA-OC,, is also shown for comparison.
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Table 1 summarizes the phase behavior of the different
binary mixtures. In brief, in the absence of nanogra-
phene, phase separation is almost complete when the
difference in alkoxy chain length reaches four methy-
lene groups. Though the van der Waals interaction
between alkoxy chains is relatively weak, it still enables
sufficient recognition with reasonable chain length
difference. The phase behavior of DBA mixtures could
be predicted with the 2D isomorphism coefficient,
which was developed by Clarke to predict the phase
behavior of simple linear alkanes and alkane deriva-
tives at the liquid—solid interface. To increase our
understanding of the mixing behavior at the solid—
liquid interface, we also theoretically simulated the
mixing process with the lattice gas Monte Carlo meth-
od. A simple model reproduces the mixing behavior
quite well, and even the threshold value of the 2D
isomorphism coefficient calculated for the model
systems also agrees perfectly with the experimental
observations.

However, in the presence of a nanographene tem-
plate, an increased tendency of mixing is revealed: the
distribution of n, indicates that partial mixing occurs for
combinations with a 2D isomorphism coefficient as
low as 0.42. Phase separation only becomes complete
for the maximum difference in alkoxy chain length

EXPERIMENTAL SECTION

Stock solutions of DBAs with a weight concentration of
1 mg/g in 1,2,4-trichlorobenzene (TCB) were used to prepare
binary mixtures (normally 1:1, in volume) of DBAs with different
alkoxy chains. The exact mole concentrations are mentioned in
the figure captions. TCB was chosen because these DBA deri-
vatives are very soluble, and more importantly, this solvent
favors the formation of porous networks. Also important is that
the assembling behavior of these molecules has been well-
investigated at the TCB/graphite interface.” 3" For investiga-
tions on the effect of template or guest accommodation, the
original binary solutions were mixed with a saturated nanogra-
phene solution in TCB (0.034 mg/g) at a 1:1 volume ratio and
then diluted until 0.05 mg/g at the level of the DBAs (in total).
The exact concentrations of the species are indicated in the
figure captions.

For STM measurements, a drop of one of the above solutions
was applied on a freshly cleaved graphite substrate (HOPG,
grade ZYB, Advanced Ceramics Inc., Cleveland, OH). STM images
were acquired either using a PicoSPM (Agilent) or Nanoscope
IID (Veeco Instruments) operating in the constant current mode
with the tip immersed in the solution at room temperature
(21—22 °Q). Pt/Ir (80%/20%) tips were prepared by mechanical
cutting. The graphite lattice was recorded by lowering the bias
right after obtaining images of the assembly. The drift of the
image was corrected using the scanning probe image processor
(SPIP) software (Image Metrology ApS) against the graphite
lattice.

For a statistical evaluation of the distribution of template or
guest molecules per cavity (ny), for each sample, at least 15 to 20
medium-scale images (50 nm x 50 nm or 60 nm x 60 nm) were
collected at different sites. Images were also collected in several
sessions. Medium-scale rather than large-scale (120 nm x
120 nm) images were used because it is easier to identify the
number of templates or guests per cavity unambiguously.
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investigated, that is, for DBA-OC,,/DBA-OC,,, which
has a negative 2D isomorphism coefficient due to the
large difference in unit cell parameters. Due to the
weak nature of the van der Waals interactions between
interdigitated alkoxy chains, a slight mismatch because
of a small difference in alkoxy chain length (e.g.,
OC4H;9 versus OCygH33) does not lead to a significant
difference in the system's free energy. Nanographenes
stabilize the nanowells, and their templating effect (i.e.,
the formation of a porous pattern under concentration
conditions where in the absence of nanographenes a
high-density phase would be formed) overrules the
self-recognition at the level of the alkoxy chains, lead-
ing to a significant mixing of the DBA molecules.

Though one may argue that this “template inclusion
induced transformation” is kinetic in nature, experi-
ments at DBA concentrations where porous honey-
comb networks intrinsically prevail do not show any
significant difference in phase behavior in the presen-
ce of nanographene guests, demonstrating that the
increased tendency of mixing in the presence of
nanographene is a thermodynamic effect.

These results could be helpful for the understanding
of phase behavior of complex assembling systems at the
solid—liquid interface and pave the way for the pro-
grammed fabrication of complex functional assemblies.

Since the STM measurements were conducted with an open
sample holder, solvent evaporation is inevitable, and the DBA
concentration must increase in time. To evaluate the effect of
solvent evaporation quantitatively, we have carried out a con-
trol experiment where we monitored the evaporation of a
droplet of the TCB solvent (about 8 to 9 uL) deposited on the
surface of a freshly cleaved piece of HOPG (the same size as used
for STM measurements) at 21 °C. During a typical STM session
which lasts 30 to 40 min, 15% of the solvent evaporated.
Therefore, solvent evaporation leads to a maximum increase
in DBA concentration of about 18%. This change has a negli-
gible impact on our data treatment as the concentration
intervals are much larger.
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