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Tris-(2-hydroxybenzylidene)triaminoguanidinium salts
having six alkyl chains with proper spacing served as new
molecular building blocks for the formation of porous
honeycomb networks by van der Waals interaction between
interdigitated alkyl chains at the liquid/graphite interfaces.

Two-dimensional (2D) molecular networks formed by the self-
assembly of organic molecules on solid surfaces have attracted
increasing attention in connection with their promising uses in
nanoscale patterning, nanoreacter, molecular electronics and 2D
polymer synthesis." Among various 2D molecular networks,
porous networks have become a subject of intense interest
because surface-confined pores in the network can accommodate
guest molecules to form multi-component 2D structures, which
are important for construction of complex patterns.” Scanning
tunneling microscopy (STM) is a powerful tool to investigate
these networks at sub-molecular level resolution under ultrahigh
vacuum (UHV) conditions'® or at a liquid/solid interface.’

Among the porous patterns hexagonal honeycomb type
molecular networks are most common, because epitaxial effects
of the hexagonally symmetric surfaces can be utilized to control
the network patterns. In general, for the construction of
honeycomb type porous molecular networks, C; symmetric
molecular building blocks are used and they are connected by
directional intermolecular interactions to leave open space
between them. Though there are many examples for such
networks formed by hydrogen bonding* or coordination bonding,’
only a few molecules are known that form honeycomb type
networks via van der Waals interactions.*” The major advantage
to utilize the latter interaction is its superior versatility in terms of
modification of the pore size and functionality for chirality
control and selective binding of guest molecules. We reported
that  triangle-shaped  phenyleneetynylene macrocycles,
dehydrobenzo[12]annulenes, substituted with six alkyl or alkoxy
groups formed honeycomb networks at the liquid/solid
interfaces.® The group of Attias and Charra reported the
formation of porous honeycomb networks by hexaalkoxy-
substituted  1,3,5-tristyrylbenzene ~ derivatives.”® The key
structural feature common in these building blocks is a trigonal-
shaped core and three pairs of alkyl chains attached to it, wherein
each pair is located at an optimal chain-chain spacing (ca. 1 nm)
for van der Waals interaction with a pair of alkyl chains of an
adjacent molecule, forming a noncovalent linkage by the
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interdigitated alkyl chains."® Another example reported
thereafter also meets the above structural criteria of the building
block for honeycomb network formation.” However, in the
previous examples, the trigonal cores of the building blocks
consist of nonpolar hydrocarbons.® To endow additional functions
to porous molecular networks of this type, the exploration of new
molecular building blocks is strongly desired. In this respect,
porous molecular networks containing polar or charged trigonal
cores are intriguing targets, because such networks would possess
binding sites that may serve to host ions or molecules'® and
platform freestanding functional groups on surfaces'' in addition
to pores with guest entrapping ability.>%’

In this context, we herein delineate the construction of the
honeycomb type porous molecular network formed from building
blocks consisting of a positively charged trigonal core and six
alkyl chains attached with proper spacing. For this purpose, we
G tris-(3,5-didecyl-2-hydroxy-
benzylidene)triaminoguanidinium salts as molecular building

synthesised symmetric
blocks (Fig. 1a) and investigated their self-assembling behaviours
at the liquid/graphite interfaces by means of STM. These salts
were chosen as their central core unit consist not only a C;
symmetric shape (HgL) but also potential coordination pockets,
which are accessible after deprotonation. The construction of a
variety of coordination compounds due to a synthetic versatility
in functionalization at the peripheral aryl group is a major feature
of this compounds.'? These molecules formed porous honeycomb
structures stabilized by van der Waals interactions between
interdigitated alkyl chains with adjacent molecules. Moreover,
versatility in selection of a counter anion was established by the
formation of the identical networks irrespective of the counter

anions employed.
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Fig. 1. (a) Chemical structures of  tris-(3,5-didecyl-2-

hydroxybenzylidene)triaminoguanidinium salts, 1a (X = Cl), 1b (X =
NO;), and 1c¢ X SCN) and #ris-(5-dodecyl-2-hydroxy-
benzylidene)triaminoguanidinium chloride 2. (b) Optimised geometry of
cation 1" at the B3LYP/6-31g(d) level of theory under vacuum.
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The central core of HgL can adopt four isomeric forms
(denoted as sss-, ssa-, saa-, and aaa-isomers) in consequence of
syn- or anti- conformation of the three phenyl groups with respect
to the C=N-imine units. Intramolecular hydrogen bonding

s between the imine and hydroxy group stabilizes syn-
conformation, while intermolecular hydrogen bonds are formed
to adjacent electronegative atoms retaining anti-conformation.
Therefore, HgL cation is expected to adopt the sss-conformation
in a non-polar environment."* To locate three pairs of alkyl chains

10 at optimal positions for intermolecular van der Waals interaction,
we designed tris-(3,5-didecyl-2-hydroxybenzylidene)triamino-
guanidinium salts 1a—c in which two decyl chains are attached to
each aryl group at 3- and 5-positions (Fig. 1a). To confirm if 1a—c
meet the structural criterion (i.e. ca. 1 nm-spacing), the geometry

15 optimisation of cation 1" was performed with Cj, symmetric
constraint using the B3LYP/6-31g(d) level of theory (Fig. 1b). As
a result, C1-C4’ interatomic distance was estimated to be 0.87
nm, in accordance with the optimal chain distances. On the basis
of this consideration, cation 1" is expected to form a porous

20 honeycomb type molecular network. To compare the network
forming  properties,  tris-(5-dodecyl-2-hydroxybenzylidene)-
triamino-guanidinium chloride 2 having only one long alkyl chain
at each aryl group was also examined.

The condensation reaction of readily prepared 3,5-didecyl-2-

25 hydroxy-benzaldehyde and triaminoguanidinimum salts afforded
la—c in 41-50% yields (see ESI, Scheme S1). The reference
compound 2 was synthesised in 50% yield. The 'H NMR spectra
in non-polar solvents (CDCl; or 1,1,2,2-tetrachloroethane-d,)
indicate that all compounds adopt C; symmetric geometries (see

30 ESI, Figs. S12-14). On the other hand, in THF-dg compounds 1
adopt C; symmetric geometries with saa-conformation at the
C=N-imine units (see ESI, Figs. S15-18). This observation
supports that the C; symmetric geometry is stabilised by
intramolecular hydrogen bonds.

35 Next, STM observations of monolayers formed by self-
assembly of 1 or 2 were performed at the liquid/solid interfaces at
room temperature. By dropping a 1-phenyloctane (PO) solution
of 1a at concentration of 1.2 x 107> M onto a graphite surface, the
formation of two different networks, a porous honeycomb and

40 non-porous linear networks, were observed (see ESI, Fig. S1).
Fig. 2a displays an STM image of the monolayer formed by 1a,
where the bright trefoil features correspond to the central n-core
and the darker parts are composed out of four interdigitated alkyl
chains,'*" revealing the formation of a honeycomb structure. The

45 orientations of the four interdigitated alkyl chains are parallel to
the main symmetry axes of the underlying graphite surface. Unit
cell parameters are a=b =4.1 £ 0.1 nm, y= 60 * 2°. From these
parameters and the appearance in the image, a tentative network
model was constructed as shown in Fig. 2b. The molecular core

so adopts the sss-conformation. Note that there is small open space
between the point end of alkyl chains and the central core (yellow
circle in Fig. 2b) probably due to steric repulsion between the
methyl group and the hydroxy oxygen atom.

A high resolution image of the linear structure is shown in Fig.

ss 2¢. In the image, the bright bow-tie features correspond to two
adjacent molecular cores of 1a and the darker parts are composed
of at least four interdigitated alkyl chains. Unit cell parameters
area=25%0.1nm, b=39+0.1 nm, =84 £ 1°. A tentative

network model is shown in Fig. 2d. The molecular core adopts

e the sss-conformation. Though five alkyl chains including the fifth
one adopting an “L” shape are shown in Fig. 2d to fill the open
space between 1a, it is not certain how many of them are indeed
adsorbed on the surface, because they are not visualised. If only
four alkyl chains are adsorbed on the surface, with the remaining

6s two exposed in solution, the open space must be filled with
solvent molecules.

(e ¥

Fig. 2. (a, b) An STM image and a network model of the porous structure
of 1a formed at the PO/graphite interface (concentration; 3.0 x 10° M,

70 tunneling parameters; i = 0.20 nA and Ve =—0.39 V). The yellow circle
highlight the space between the point end of the alkyl chain and the n-
core. (c, d) An STM image and a network model of the non-porous
structure of 1a formed at the PO/graphite interface (1.0 x 10 M, L =
0.20 nA and Ve = —0.39 V). In model (d), one alkyl chains per molecule

75 is omitted for clarity. White arrows in (a) and (c) indicate the directions of
main symmetry axes of underlying graphite.

It is well known that solvent'® and solute concentration'” play
significant roles in network patterns. Indeed, the molecular
network of 1a showed a distinct concentration dependency (see

so ESI, Fig. S1). At the concentration of 3.0 x 10° M exclusive
formation of the porous pattern was observed, whereas at 1.0 x
107 M the surface was covered only with the non-porous pattern.
This phase behaviour is consistent with that of the networks
formed by  alkoxy-substituted  triangle  m-conjugated

ss molecules.'’®® On the other hand, only the porous pattern was
observed over a wide concentration range at the 1,2,4-
trichlorobenzene (TCB)/graphite interface (see ESI, Fig. S2)
presumably due to the stabilizing effect for porous patterns by
solvent co-adsorption.%*!®

9 In contrast to 1a, compound 2 formed only a non-porous
pattern even at the lowest concentration (1.8 x 10° M) in PO
(Fig. 3a and S3). In this case, all three alkyl chains per molecule
are adsorbed on the surface. Unit cell parameters are a =2.8 + 0.1
nm, b=3.1+£0.2 nm, y= 60 £ 4°. A tentative network model is

s shown in Fig. 3b. Note that the molecular core adopts the ssa-
conformation. To build a close-packed molecular network, the
intermolecular van der Waals interactions must have prevailed
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over the intramolecular hydrogen bonding interactions. The
formation of the non-porous network pattern from 2 supports the
ign.

,'Mi

s Fig. 3. (a, b) An STM image and a network model of the non-porous
structure of 2 at the PO/graphite interface (1.8 x 10 SM, I =0.21 nA and
Vet = —0.31 V). White arrows in (a) indicate the directions of main
symmetry axes of underlying graphite.

Similar to 1a, compounds 1b and 1le¢ formed the porous

10 patterns at the PO/graphite interface (3.0 x 107° M, Figs. S4, and

S5), revealing that the counter anion does not influence the self-

assembling behaviour of these molecules. In all cases, however,

the counter anions were not visualised in the image, presumably

because of their dynamic behaviour in the liquid phase or low
15 tunneling efficiency of them."

In  summary, have shown that tris-(2-hydroxy-
benzylidene)triaminoguanidinium salts having six alkyl chains
with proper spacing served as new molecular building blocks for
the formation of porous networks by van der Waals interactions

20 at the liquid/graphite interfaces. The counter anions did not
influence the self-assembling behaviour, forming the identical
honeycomb networks. Given the co-adsorption capability for
nonpolar guest molecules at the pores of the honeycomb
networks,>®’ the present molecular networks would serve as

»s templates  for complex 2D patterns formed by multiple
interactions. Additionally, since HgL salts are known to form
transition metal complexes,'***° construction of 2D metal arrays
which may serve as tailor made catalysts would become possible.
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