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Intricate Hydrogen-Bonded Networks: Binary and Ternary Combinations of Uracil, PTCDI,

and Melamine
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We report the formation of two- and three-component porous supramolecular networks from combinations of
uracil, PTCDI, and melamine. The structures, which are formed on Au(111) in ultra-high vacuum (UHV)
and studied by scanning tunneling microscopy (STM), are stabilized by hydrogen bonds. We show that two
bimolecular networks comprising uracil and PTCDI can be formed, one of which contains two pore geometries
and is composed of 28 molecules per unit cell. In addition, we observe two different ordered structures from
mixtures of melamine and uracil. By combining all three of these species, we demonstrate the formation of
a single ternary structure that contains 33 molecules per unit cell. Our results demonstrate the capacity of
hydrogen bonding to produce highly complex structures, and open up the possibility of forming a wide range
of new structures from combinations of nucleic bases and other small organic molecules.

Introduction

A range of porous two-dimensional supramolecular networks
can be constructed on surfaces through careful choice of the
molecular components and the substrate.! This is primarily
achieved through hydrogen bonding, metal—organic co-ordina-
tion, van der Waals interactions, or covalent bonding. Here, we
concentrate on combinations of organic molecules with the
capacity to form hydrogen bonds. Such an approach is advanta-
geous since hydrogen bonds are highly directional, leading to
ordered structures, but sufficiently weak to allow molecular
diffusion on surfaces at room temperature. These properties can
result in the formation of ordered molecular structures over large
areas. Further, some of these networks may contain pores and
can act as templates for the ordering of guest molecules such
as fullerenes.>”

Some nucleic bases and other small organic molecules can
form monomer porous two-dimensional structures stabilized by
hydrogen bonding.'%!'* However, a greater variety of networks
can be generated through the combination of two complementary
molecular species. For example, four different supramolecular
networks of 3,4,9,10-perylenetetracarboxylic diimide (PTCDI)
and 1,3 4-triazine-2.4,6-triamine (melamine) have been reported,>%-31>16
of which three contain pores that act as absorption sites for guest
molecules. Bimolecular networks generally have more complex
unit cells than their monomer counterparts, and offer a wider
range of pore sizes, geometries, and interpore separations.
Recently, coronene-templated three-component networks have
been reported, which are even larger and more intricate (we
define intricacy in terms of the number of molecules per unit
cell).'”!8 However, these appear to show little capacity to host
molecules other than coronene.

In this work, we have combined two different systems that
are well-known to form hydrogen-bonded supramolecular
networks: a nucleic base with PTCDI-melamine. The nucleic
base that we have chosen is uracil, a molecule that forms planar
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Figure 1. The molecular structures of (a) PTCDI, (b) melamine, and
(c) uracil. Balls represent carbon (gray), oxygen (red), nitrogen (blue),
and hydrogen (white) atoms.

hydrogen-bonded structures in two and three dimensions.'*!
The chemical structures of the three molecules studied are shown
in Figure 1. Uracil is prochiral; when constrained to lie parallel
to a surface, it can adopt one of two possible orientations and
these have no mirror symmetry, giving rise to chirality.
However, PTCDI and melamine are not chiral, even when
constrained to two dimensions. Here, we deposit uracil, PTCDI,
and melamine onto Au(l111), by sublimation. Through the
careful selection and postdeposition processing of the component
molecules, we demonstrate the formation of ordered binary and
ternary supramolecular networks, some of which have remark-
ably intricate unit cells.

Experimental Methods

All experiments were performed in situ under UHV conditions
(base pressure of ~1 x 107% Pa). Au(111) films on mica
(Agilent) were prepared by Ar sputtering and annealing to
~600 °C, a procedure that produced large flat terraces displaying
the characteristic 22 x /3 reconstruction. Melamine (Aldrich),
PTCDI (TCI Europe), and uracil (Aldrich) were sublimed at
typical rates of 8—15 ML/h (ML=monolayers), 0.6—0.8 ML/
h, and 0.1—0.3 ML/h (unless otherwise stated), respectively,
onto the Au substrates, which were held at room temperature.
The samples were subjected to postdeposition annealing for
10—14 h; shorter anneals (typically a few hours) and lower
temperatures resulted in less ordered structures. A JEOL
JSTM4500S STM was used to obtain constant current images
(bias applied to the sample) at room temperature, using
electrochemically etched W tips. All images were processed
with WSxM software.?
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Figure 2. (a) Disordered chain-like structures of uracil (V; = +1.35 V, I, = 0.07 nA, 85 nm x 85 nm). (b) A higher resolution image of the chains,
which are double rows of uracil molecules (Vi = +1.44 V, [, = 0.07 nA, 16.0 nm x 12.0 nm). A black arrow highlights a pentagonal cluster of
uracil. (c) A region of close-packed uracil (V; = —1.40 V, [; = 0.10 nA, 16.0 nm x 12.0 nm). Uracil was deposited at a rate of 0.9—1.0 ML/h for

all images shown in this figure.

Results and Discussion

First, we characterize the self-assembly of uracil after
deposition onto a clean 22 x V/3 reconstructed Au(111) film
on mica. We observe two different structures, as shown in Figure
2. At moderately low coverages, chain-like features are formed,
as shown in Figure 2a. These structures often form closed rings,
but show no long-range ordering. High-resolution images, such
as Figure 2b, show that the chains comprise double rows of
uracil molecules, while pentagonal clusters are frequently
observed where multiple chains join (for example, as indicated
by an arrow in the figure). The uracil chains are similar to those
formed by flat-lying cytosine or thymine on Au(111), stabilized
by in-plane hydrogen bonds;?**** any differences in molecular
positioning within the chains are attributed to the nonequivalent
hydrogen bonding sites of different nucleic bases. At higher
molecular coverages we find close-packed regions (Figure 2¢).
In this arrangement, each uracil is generally surrounded by six
other uracil molecules, again forming a hydrogen-bonded
network.!*2

New porous structures are observed after sequential deposition
of 0.1—0.3 ML of uracil then 0.3—0.4 ML of PTCDI at room

temperature, followed by annealing to ~85 °C for ~10 h,
examples of which are shown in Figures 3 and 4. On average,
these structures cover a combined total of 34% of the Au(111)
surface, while some residual close-packed PTCDI patches
remain (any excess uracil is likely to have desorbed from the
surface during annealing). The differences in size, shape, and
electronic structure of PTCDI and uracil allows them to be
distinguished in the STM images; PTCDI appear as bright
rectangles, while uracil molecules are seen as smaller, round
features. However, we cannot rule out the additional presence
of small adsorbate molecules (such as water) within these
structures.

The network shown in panels a and b of Figure 3 comprises
double rings of uracil, linked by parallel pairs of PTCDI
molecules arranged in a cross-like manner. We will refer to this
structure as the “double-cross”. The uracil double-rings are
slightly elliptical in shape and show distinct similarities to the
chain structure of Figure 2 since, in both of these structures,
neighboring uracil molecules from each ring are aligned radially.
However, the outer ring of the double-cross structure appears
to be missing four uracil molecules (one in each quadrant), the
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Figure 3. (a) A region of the double-cross uracil-PTCDI network (V; = —1.0 V, I, = 0.05 nA, 27.1 nm x 27.1 nm). The unit cell is indicated by
a black parallelogram, while a dotted black line highlights the ~9° rotation of this structure with respect to the [112] directions of the Au(111)
surface. Two pore types are identified, labeled A and B. (b) A higher resolution image of the double-cross structure (V, = —1.5 V, I, = 0.05 nA,
8.6 nm x 8.6 nm). (c) Proposed molecular arrangement of the double-cross structure.

positions of which are instead occupied by the ends of four
PTCDI molecules. The other ends of these PTCDI link to the
outer edge of neighboring uracil double-rings. The different
arrangements of uracil at either end of the PTCDI molecules
lead to one of the PTCDI protruding further out of the ring
than its parallel near-neighbor, and give rise to chirality. The
double-cross motif has two rotational axes and its unit cell is a
parallelogram. This structure is therefore of the p2 chiral plane
group (as described in the Two-Dimensional Structural Data-
base).?

The double-cross network has two different porous sites. The
pore marked A in Figure 3a is outlined by uracil molecules
and is circular. In addition, a rectangular pore, framed by PTCDI
molecules in the corners, is also formed (labeled B in Figure
3a). A network possessing two different pore shapes is
particularly interesting since it opens up the possibility of
generating different packing arrangements of guest molecules
in close proximity to each other. The double-cross structure is

rotated by 9(£1)° from the [112] direction of the Au(111)
surface. A preferred crystallographic orientational relationship
between the network and the Au(111) surface demonstrates the
anisotropic nature of the substrate. This effect is not unexpected
as it is frequently observed for similar hydrogen-bonded
networks.®13192728 Thig structure’s unit cell has dimensions
ofa=514+02nm,b=4.7 +0.2nm, and 6 = 81(%1)° and
contains 24 uracil and 4 PTCDI molecules.

Our high-resolution images allow us to propose a potential
arrangement of the uracil and PTCDI molecules in the double-
cross network. Although it is not possible to determine the
orientation of the uracil molecules directly from our STM
images, it is probable that an arrangement that maximizes the
number of O+++H—N bonds is formed. We therefore envisage
that the arrangement shown in Figure 3c is likely (a more
detailed schematic that indicates bonding is given in Figure S1,
Supporting Information). In our proposed molecular arrange-
ment, the inner ring comprises 14 uracil molecules and is slightly
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Figure 4. (a) An image showing two regions of the uracil-PTCDI staircase structure (V, = —1.5 V, I, = 0.05 nA, 60.6 nm x 60.6 nm). A dotted
black line runs parallel to the translation vector. This network is oriented 7(£1)° from the [112] directions of the Au(111) surface. (b) A more
detailed image of the staircase network, in which the unit cell is indicated (V; = —1.5 V, I, = 0.10 nA, 7.3 nm x 7.3 nm). (c) Our proposed model

of the staircase structure.

elliptical in shape, consistent with our experimental observations.
The inner uracil molecules are of one chirality, while the outer
uracil molecules are of the opposite chirality. Although this
locally leads to a slight imbalance of the ratio of the two uracil
chiralities, this is globally relieved by the formation of both
complementary chiral structures, as we have observed.

The double-cross structure coexists with a different porous
network, which is shown in Figure 4a,b. This comprises rows
of end-to-end PTCDI pairs sandwiching two overlapping
pentagonal uracil clusters. We denote this structure the “stair-
case” network. The unit cell contains 8 uracil and 2 PTCDI
molecules, and has dimensions ¢ = 2.4 &= 0.2 nm, b = 3.5 £+
0.2 nm, and 8 = 63(£2)°. We propose a possible molecular
structure of the staircase network (Figure 4c, also Figure S2 in
the Supporting Information), again based on our experimental
observations and the requirement to maximize the possible
number of hydrogen bonds. This arrangement contains equal
numbers of the two chiralities of uracil. Similarities within this

network are observed with the monomer structures, such as the
pentagonal uracil features (Figure 2b) and the end-on binding
of PTCDI molecules.!® In general, domains of the staircase
network are larger than those of the double-cross structure, with
average domain areas of 3800 nm? (standard deviation of 2200
nm?) and 440 nm? (standard deviation of 400 nm?), respectively.
Presumably this difference arises from the larger intricacy of
the latter. The smaller double-cross fragments, however, are
more numerous than the staircase domains, although still only
cover 7—13% of the total surface areca (we observe that the
staircase network covers 11—37% of the Au(111) surface).
We now turn to combinations of uracil and melamine, from
which we have successfully generated two different networks
which cover most of the surface (Figure 5). Small fragments of
these networks are formed after codeposition at room temper-
ature, but after annealing to ~90 °C for ~12 h these structures
grow in size and number, while single-component melamine
and uracil regions are no longer observed. Both networks look
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Figure 5. (a) A region of a supramolecular network of melamine and
uracil (V; = +1.0 V, I, = 0.07 nA, 61.4 nm x 61.4 nm). A higher
resolution image is shown in the inset, in which the unit cell is marked
(Vo=+1.0V,;=0.07nA, 17.0 nm x 17.0 nm). (c) A second structure
of melamine-uracil (Vy; = +1.0 V, I, = 0.07 nA, 66.0 nm x 66.0 nm).
Dotted lines indicate the direction of the translation vectors for each
network, while the [112] direction of the Au(111) surface is also
indicated in each image.

very different from those of pure uracil (Figure 2) and pure
melamine® on Au(111). We therefore attribute these structures
to mixtures of melamine and uracil. The most commonly
observed network, shown in Figure 5a, is rotated by 7(&1)°
with respect to the [112] directions of the Au(111) surface. The
unit cell is indicated in the inset and has dimensions a = b =
2.3 £ 0.2 nm and € = 115(£1)°. In contrast, the unit cell of
the network shown in Figure 5b is more elongated, with a =
294+ 0.2nm, b= 1.2 % 0.2 nm, and 6 = 98(41)°. It has not
been possible to distinguish between the uracil and melamine
molecules in these images, owing to their similar sizes, and so
we refrain from proposing a structural model for either network.
However, we suggest that both supramolecular networks are
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predominantly stabilized by hydrogen bonds, in a similar manner
to three-dimensional melamine-uracil crystals* and their mono-
mer two-dimensional counterparts.'®2-2°

We have established that a range of supramolecular structures
can be constructed from uracil-PTCDI and uracil-melamine,
while melamine and PTCDI are well-known to form a range of
porous networks on Au(111).531516 We now report on ternary
mixtures of all three species. Combining three molecules with
the potential for hydrogen bonding is an attractive approach to
generating more intricate and even larger supramolecular
networks. Figure 6 shows the highly ordered porous structure
formed from 0.1—0.3 ML of melamine, 0.2—0.3 ML of uracil,
and 0.3—0.4 ML of PTCDI after annealing to ~120 °C for
10—12 h. Patches of this structure cover on average 24—38%
of the surface, with only close-packed PTCDI regions otherwise
observed. When the three components are mixed and annealed
at a lower temperature of ~100 °C for ~2 h, small fragments
of the bimolecular networks are often found. Examples of such
are given in Figure 7. In Figure 7a, small regions of a
parallelogram structure formed by PTCDI and melamine® are
seen, as highlighted by white arrows. Combinations of PTCDI
and uracil are also observed, for example, as shown in Figure
7b, where the double-cross structure is formed. However, after
subsequent annealing to ~130 °C, we do not observe any of
the possible binary structures, nor any single phase uracil or
melamine regions (any excess of the latter two are likely to
have sublimed from the surface during annealing). The forma-
tion of one ternary structure, as opposed to the several possible
bimolecular structures, demonstrates the capacity of hydrogen
bonding to drive the formation of highly complex structures.

As can be seen from Figure 6a,b, the network formed from
PTCDI, melamine, and uracil has large hexagonal pores each
of which are surrounded by six smaller triangular voids. We
name this structure the “star” network due to its similarity to
the Star of David. Chevron-shaped clusters of three uracil and/
or melamine protrude from the apex points of each hexagon
giving rise to chirality. Networks of the two complementary
chiralities are observed (one of each is shown in panels a and
b of Figure 6). The intricate unit cell of the star structure, which
is marked in Figure 6a, has dimensions a = b = 6.6 + 0.3 nm
and 6 =121(%2)° and contains 33 molecules. The average area
of the star domains is 1200 nm? (standard deviation of 1000
nm?).

The orientation of the star network with respect to the
Au(111) surface can be inferred from Figure 6c¢. It is likely that
this image has been acquired with an adsorbate on the tip,
causing the molecules to appear darker than the Au substrate
but enhancing the resolution of the surface reconstruction. For
comparison, an image of the same region obtained after applying
a brief electrical pulse to the tip to remove the absorbate is
provided in the inset. Two regions of opposite chirality are
shown in Figure 6¢; more detailed images (not shown) reveal
that region A is the same as Figure 6a, while region B is of the
same chirality as the structure shown in Figure 6b. Although
both unit cells are offset by 9(4-1)° with respect to the Au(111)
[112] directions, the local chirality of the network appears to
define the orientation of each unit cell with respect to the
substrate. We note that in all cases the hexagonal rings are
aligned parallel to [1 12] directions of the Au(111) surface, i.e.,
they are rotated by 9(£1)° from the translation vectors, as
indicated by the dotted line in Figure 6a.

Although we are unable to confidently distinguish between
uracil and melamine in the star structure, we look to similarities
with other known binary structures to enable us to propose a
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Figure 6. (a) The star network, composed of melamine, uracil, and PTCDI (V, = —2.0 V, [, = 0.04 nA, 27.5 nm x 27.5 nm). White chevrons
overlap the cluster of three molecules extending from the hexagonal apexes, which give rise to chirality. The unit cell is indicated by a white solid
parallelogram, while a dashed line depicts a symmetry axis of a hexagonal pore. (b) A more detailed image of the star network (V; = —2.0 V, I
=0.04 nA, 12.8 nm x 12.8 nm). This region is of opposite chirality to that in panel a. (c) An image of two regions (marked A and B) of the star network,
in which the Au(111) reconstruction can be resolved (V; = —2.0 V, I, = 0.04 nA, 77.4 nm x 77.4 nm). The unit cells and translation directions of each
domain are indicated by black parallelograms and dotted lines, respectively. This image displays an unusual contrast effect most likely due to an adsorbate
on the tip; an image of the same region of more standard appearance is shown in the inset (V; = —2.0 V, [, = 0.04 nA, 77.1 nm x 77.1 nm). (d) A possible
arrangement of uracil, melamine, and PTCDI molecules within the star structure. This represents a region with the same chirality as in image b and region
B of image c. The stacking and Au(111) [112] directions are indicated by a dotted line and solid arrow, respectively.

potential molecular arrangement. The central hexagon is identi-
cal in orientation with respect to the Au(111) surface, size, and
shape to hexagonal rings of PTCDI-melamine formed on
Au(111),%7 and so we attribute this part of the structure to an
analogous arrangement of PTCDI and melamine. However, the
star network has not been previously observed for the well-
characterized PTCDI-melamine system, and so it is unlikely to
be composed solely of PTCDI and melamine. Instead, we
propose that the triangular apexes, which are not known features
of PTCDI-melamine structures, contain uracil. We therefore
deduce that the star structure is the first ternary porous hydrogen-
bonded network to be reported. We propose a molecular
arrangement shown in Figure 6d, which has been constructed
to maximize the number of N++*H—N and O++*H—N bonds
formed. This arrangement contains 15 PTCDI, 6 melamine, and
12 wracil (6 of each chirality) per unit cell. A more detailed
schematic of this arrangement, which indicates the hydrogen
bonds formed, is given in Figure S3 (Supporting Information).
In this arrangement, all N lone pairs form N<+*H—N bonds,

while all N—H groups form either O++*H—N or N+--H—N
bonds (i.e., none of the weaker N++*H—C bonds are possible).
As with the other structures proposed, detailed theoretical
simulations would be required to verify the thermodynamic
stability of this structure and elucidate whether water molecules
are bound to the networks. However, a rough guide to the
relative stabilities of the possible binary and ternary structures
can be obtained by comparing the bonding energies per unit
area. Assuming bond energies of 8 and 13 kJ/mol for O++*HN
and N-+-HN, respectively, we find the ternary (star) structure
to have the largest bond energy per unit area (21.7 kJ mol™!
nm™?), while the corresponding energies of binary PTCDI-uracil
(double-cross and staircase) and PTCDI-melamine (honey-
comb®) networks are 19.0, 19.3, and 16.4 kJ mol™' nm™2,
respectively. Hence, to a first approximation the star network
is expected to be the most stable, in agreement with our
experimental observations of the formation of a single ternary
structure.
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Figure 7. Mixtures of uracil, melamine, and PTCDI formed after
annealing to ~100 °C for 2 h (both images obtained at room
temperature). (a) An image in which many disordered regions can be
observed, although small fragments of PTCDI-melamine in the paral-
lelogram structure are highlighted by white arrows (V, = —1.5V, [, =
0.04 nA, 79.9 nm x 79.9 nm). (b) A different region of the same sample
that is again largely disordered (Vy, = —1.5 V, I, = 0.04 nA, 49.8 nm
x 49.8 nm). A small fragment of the double-cross PTCDI-uracil
structure is indicated by a white arrow.

The star structure has one main pore and eight smaller voids
per unit cell which could be used to trap guest molecules, such
as fullerenes. We have sublimed Cg, onto the structure and have
observed that they occupy both classes of site, as shown in
Figure 8. Between three and six Cg, molecules are situated
within the hexagonal pores; the distribution of occupancy
number is consistent with that of Cg, in the hexagonal PTCDI-
melamine structure.” In addition, single Cy, can be trapped in
the triangular voids. This confirms that the intricacy of the star
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Figure 8. The arrangement of Cg, molecules after deposition onto the
star network (Vy, = —2.0 V, I, = 0.04 nA, 53.5 nm x 53.3 nm). Small
clusters of Cg, are observed within the hexagonal pores (examples of
which are indicated by black arrows), while individual Cg, occupy the
smaller triangular pores.

structure gives rise to multiple absorption sites for host
molecules and can be used to produce complex ordering of
fullerenes.

Conclusions

In conclusion, we have formed a variety of two-dimensional
porous networks from combinations of uracil, melamine, and
PTCDI. Two different supramolecular structures have been
produced from uracil and PTCDI, both of which contain features
observed in pure uracil double-chains. One of these structures,
which we have termed the double-cross, has a unit cell of 28
molecules, while the staircase structure contains 10 molecules
per unit cell. In addition, melamine and uracil have been shown
to form two different structures. It therefore seems likely that
many other bimolecular networks, with a range of pore shapes
and sizes, could be generated by combinations of other nucleic
bases with either PTCDI or melamine.

Through the combination of PTCDI, uracil, and melamine,
we have produced a highly intricate network. The somewhat
surprising formation of a three-component network, rather than
phase segregated binary regions, opens up the possibility of
designing a range of new, complex structures. This could be
achieved through the use of other nucleic bases, small cyclic
molecules (such as trimesic acid) or perylene derivatives, or
through chemical functionalization of the molecular compo-
nents.?! Such networks could then be used to generate a variety
of complicated arrangements of guest molecules.
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