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Surface Synthesis of 2D Branched Polymer Nanostructures
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Molecular nanostructures formed by bottom-up self-organ-
ization!!! are model systems for advanced functional surfaces
with a broad range of applications, such as sensors or coatings,
molecular electronics, and heterogeneous catalysis. Supra-
molecular structures formed on surfaces under ultrahigh-
vacuum (UHV) conditions through exploitation of noncova-
lent interactions, such as van der Waals forces,” dipole—dipole
interactions,””! hydrogen bonding,” or metal complexation,”’
have been studied extensively with scanning tunneling micro-
scopy (STM). Structures stabilized by stronger covalent bonds
between the molecular building blocks are anticipated to have
an improved thermal and chemical stability, and are thus
likely to be more useful for practical applications. However,
investigations into covalently interlinked molecular structures
on surfaces under UHV conditions are only just emerging.

Thin films produced by vapor-deposition polymerization”!
have been studied by STM, as has photoinduced or STM-tip-
induced polymerization of diacetylene.’) Macromolecules
have been deposited at surfaces using the pulse injection
technique™!” and characterized at modest resolution, and
polymer architecture and folding have been studied upon
electropolymerization!'!! or drop-casting."?! Although poly-
mers deposited or formed in UHV®* 3] and at the liquid/solid
interfacel'' have been observed, no detailed high-resolution
STM studies of connectivity and branching exist.

Herein, we demonstrate the formation of two-component
polymeric nanostructures on a Au(111) surface under UHV
conditions. The branched surface polymer, which contains
pores about 3-10 nm in dimension, is characterized by high-
resolution STM and it is shown that its connectivity can be
controlled by varying the kinetic parameters of the prepara-
tion procedure.
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Figure 1a shows the investigated condensation polymer-
ization reaction between an aromatic trisalicylaldehydel'***!
(trialdehyde) and 1,6-diaminohexane (diamine), which results
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Figure 1. a) Condensation polymerization of a trialdehyde and 1,6-
diaminohexane. STM images (60x 30 A?) of b) a close-packed island of
trialdehydes™ (1,=0.60 nA, V,=1.05 V) and c) the lamellar structure
of 1,6-diaminohexanes (I,=0.34 nA, V,=—1.9 V). Molecular models
are superimposed. I, =tunneling current, V,=tunneling voltage.

in a polymer connected by imine bonds. In solution the
trialdehyde is known to form a cross-linked polymer by
reaction with ethylenediamine.™ Covalent interlinking of
similar two-spoke salicylaldehydes and octylamine on Au-
(111) under UHV conditions was recently demonstrated by
STM and synchrotron-based X-ray spectroscopy.®

STM images of the reactants adsorbed individually on the
Au(111)-(22 x v/3) surface are shown in Figure 1b and c.
Upon co-deposition followed by annealing above 400 K, open
filamentous structures are formed (Figure2a). The local
bonding pattern is revealed from high-resolution STM images
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Figure 2. On-surface condensation polymerization. a) Large-scale STM
image (V,=—1.4V, I,=—0.66 nA; scale bar: 200 A). b) High-resolution
STM image revealing the local bonding pattern. The numbers refer to
bonding geometries discussed in the text (V;=1.5V, [;=0.34 nA; scale
bar: 10 A). c) Model of the structure in (b).

(Figure 2b). The trialdehydes can be identified from their
characteristic Y shape with protrusions originating from the
tert-butyl groups. The trialdehydes are linked together by
rodlike features attributed to the alkyl chains of the diamines.
The alkyl chains always extend from the side of the spoke
opposite to the bright fert-butyl group, as expected for the
imine reaction product (see Figure 1a). This STM signature is
similar to that found for the monomeric reaction product
formed under similar conditions,'"” and we therefore attribute
all interlinks between trialdehydes and alkyl chains to
covalent imine bonds.

All spokes of the trialdehydes are saturated by reaction
with diamines. Two trialdehydes can be covalently connected
either through one alkyl chain (1 and 5 in Figure 2b), or by
two chains in a characteristic double-bonded motif (3 in
Figure 2b). The alkyl linkers can be straight, as in bonding
geometries 1 and 3, but are also often imaged with a
compressed/bent shape (5 in Figure 2b), which we tentatively
attribute to gauche defects in the chain. Alkyl chains
connected to a trialdehyde at only one end are also observed
(2 and 4 in Figure 2b). When the chain is free at the other end,
it is imaged as a smeared-out feature (2), which is attributed
to rapid thermal motion. If two such unbound ends meet, they
pair head-to-head, which is observed as rodlike features (4)
with twice the length of a single diamine. We propose that
hydrogen bonding between the free amino groups occurs at
these positions.
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To investigate if order and connectivity in the polymer can
be controlled, two different preparation procedures were
applied. In both cases trialdehyde was first dosed onto the
surface. In method A, the sample was subsequently exposed
to 1,6-diaminohexane (p=1-5x10"mbar) at 120-160 K
leading to the formation of multilayers. Reaction was induced
by annealing at 400-450 K. In method B, the sample with
adsorbed trialdehyde was heated to 400 K and exposed to a
lower pressure (5x 10~ mbar) of 1,6-diaminohexane. Char-
acteristic structures resulting from methods A and B are
shown in Figure 3a and b, respectively. In the corresponding

€ f
120 B = }150 ]
100
l i £120
5 5
LDJ 60 S 80
40
40
o H H []
° 0 1 2 3 0 0 1 2 3

Number of connected spokes Number of connected spokes

Figure 3. Covalent connectivity. a,b) STM images obtained after prepa-
ration methods A and B (V,=1.5V, [,=0.35 nA/V,=-1.4Y,

1,=0.27 nA, respectively; scale bars: 20 A). c,d) Models of the struc-
tures in (a) and (b) showing individual oligomers/polymers in different
colors. e,f) Histograms showing the occurrence of trialdehydes with 0—
3 spokes covalently connected to another trialdehyde after preparation
methods A and B, respectively. The pink boxes indicate one standard
deviation. Each histogram is based on STM data obtained in three
independent experiments. No significant differences were observed for
experiments with the same preparation method.

models (Figure 3c,d) each macromolecule formed by a
continuous series of covalent imine interlinkages has been
color coded individually.

Preparation method A favors the formation of smaller
oligomers, whereas extended polymers result from method B
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(the largest polymers extend out of the STM images acquired
with submolecular resolution and contain over 50 trialde-
hydes). The histograms of Figure 3e and f show the occur-
rence of trialdehydes with 0-3 molecular spokes covalently
linked through a single alkyl chain to neighboring trialde-
hydes, which reveals a significantly higher degree of con-
nectivity with method B. From the histograms we find the
probability P for a given spoke to be covalently connected to
a spoke of a neighboring trialdehyde to be P, =0.49+0.03
and Pg=0.70£0.03 for preparation methods A and B,
respectively. The connectivity Py is well above the Flory—
Stockmayer!'” critical value (P, =0.5), which implies that the
formation of infinite polymeric networks on the surface
should be achievable at sufficiently high coverage.

The distinct difference in connectivity resulting from the
two preparation procedures is primarily attributed to kinetic
conditions during the reaction. In method A, ordered islands
of trialdehydes are covered by multilayers of diamine. Upon
heating to the temperature necessary for reaction, the ready
availability of diamines leads to a high probability of
saturating each trialdehyde spoke with a diamine, which
results in a low connectivity in the structure. In method B, the
amines are supplied at a higher substrate temperature where
the trialdehyde islands are partially dissolved and there are
free diffusing trialdehydes."™ The temperature is above the
amine desorption temperature, but a low surface concentra-
tion of amines is maintained by adsorption—-desorption
equilibrium. Compared to method A, trialdehydes with one
or more alkyl amines attached are therefore more likely to
encounter and react with unreacted trialdehyde spokes before
these are saturated by free diamines, thus leading to an
increased connectivity. Additional factors influencing the
ordering are conformational flexibility of the trialdehydes™*!
and a possible reversibility of imine formation in the presence
of free amines that should be able to attack and replace
existing imine bonds.

The highly connected polymer prepared by method B
displays both 2D networks and 1D wires. The wires (Fig-
ure 4b) are composed of double-bonded trialdehydes (com-
pare with 3 in Figure 2b) which have their remaining spokes
connected to adjacent dimers. Sometimes the ends of a wire
react resulting in ring closure (Figure 4b, top right). In the

Figure 4. Network and chain-type polymeric structures. STM images of
a domain with a) network formation (V,=—2.0V, ,=0.31 nA; scale
bar: 20 A) and b) chain formation (V,=—2.0V, I,=0.33 nA; scale bar:
20 A). The images were obtained in an STM mode where only the
aromatic system of the trialdehydes is visualized clearly.!"
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networks (Figure 4a), the trialdehydes constitute branching
points with each trialdehyde connected to three neighbors.
The interlinking alkyl chains are typically bent. Areas with
network structure are more abundant than areas with chain
formation. This finding is quantified by the proportion of
trialdehydes forming branching points (26 %) compared to
trialdehydes acting as nonterminating chain segments (13 %).
The remaining trialdehydes (60%) contain at least one
noninterlinked spoke.

Pores can be found in the networks with diameters from
about 3 to 10 nm (Figure 5a-f). The abundance of pores
formed from up to eight trialdehydes is plotted in Figure Sh.
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Figure 5. Network pores. STM images of pores involving a) three,

b) four, c) five, d) six, ) seven, and f) eight trialdehydes (scale bar:

1 nm). g) The six-membered pore in (d) with alkyl linkers placed at the
inner (*) and outer (#) pore wall. h) Distribution of observed pore
sizes. Pink boxes indicate one standard deviation.

A preference for rings with four to six interlinked trialde-
hydes is found. The ring-size selection is speculated to result
from 1) kinetic competition between the process of adding
further trialdehydes and intramolecular ring closure, which
disfavors large pore sizes, and 2) thermodynamic favoring of
structures with optimized bonding angles, which may explain
the low abundance of three-membered rings.

The detailed bonding pattern in the pores provides
support for the notion that bending strain in the alkyl
chains affects pore formation. The drawing in Figure 5g of
the six-membered pore in Figure 5d illustrates that the
interlinking alkyl chains can be positioned at either the
inner or the outer pore wall (* and # in Figure 5g,
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respectively). The distribution over these two positions as a
function of pore size is shown in Table 1. In a six-membered
pore, all pairwise interlinked trialdehyde spokes can be

Table 1: Position of interlinking alkyl chains in pores with different
numbers of trialdehydes.

Pore size Four-ring Five-ring Six-ring Seven-ring
Outside (#) 72 52 39 8
Inside (*) 4 33 33 13

Angewandte

flashed to 400 K in the main chamber. STM imaging was performed at
temperatures in the range of 120-160 K.
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parallel (Figure 5g), whereas the internal angle between
interlinked spokes should be concave (convex) for the smaller
(larger) pores. A concave (convex) angle can be realized by
placing the linker on the outside (inside) of the pore, as this
leads to the least bending in the alkyl chain. Thus, four- and
five-membered pores minimize the strain by placing the alkyl
chains on the outside. The six-membered pores are nearly free
of bending and the position is arbitrary. The seven-membered
pores exhibit a marginal tendency to place the alkyl chains on
the inside.

In summary, we have formed covalently interlinked 2D
polymers on a Au(111) surface which locally exhibit domains
with nanometer-sized pores. The polymer connectivity is
controlled by kinetic parameters during the synthesis on the
surface. Covalently interlinked surface nanostructures are
expected to exhibit interesting collective electronic properties
and to have a higher thermal and chemical stability compared
to structures formed by conventional surface self-assembly.
Porous molecular networks are promising templates, for
example, for host-guest sensing applications."s! Further
studies aim to improve the long-range order of the inves-
tigated 2D surface polymers.

Experimental Section

The experiments were performed in a UHV system equipped with a
variable-temperature Aarhus scanning tunneling microscope!'” (see
also http://www.specs.de). The herringbone reconstructed Au(111)
(22 x \/3) surface was prepared by argon-ion sputtering at 1.5 kV and
annealing to 850 K. The trialdehyde (1,3,5-tris[(5-tert-butyl-3-formyl-
4-hydroxyphenyl)ethynyl]benzene)™> was vapor-deposited onto the
substrate from a heated glass crucible. The 1,6-diaminohexane (>
99 %, Fluka) was dosed from a glass vial onto the substrate through a
leak valve in an isolated reaction cell.

In both preparation methods a subsaturation coverage of
trialdehydes (less than a third of a monolayer as estimated by
STM) was formed by deposition on a sample held at about 300 K. In
method A the sample was saturated with 1,6-diaminohexane by
dosing for 1-2 min at a background pressure of 1-5 x 10~” mbar while
the sample was held at 120-160 K. Upon heating to room temper-
ature, imine oligomers embedded in a matrix of diamines were
observed (see the Supporting Information, Figure S1). Further
heating to 450 K resulted in desorption of unreacted diamines. In
method B the sample with adsorbed trialdehydes was heated to 400 K
and exposed to a low pressure (5 x 10~° mbar) of 1,6-diaminohexane
for about 30 min at this temperature. After exposure the sample was
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