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The use of self-organized two-dimensional molecular networks
to pattern molecular arrays is currently one of the most promising
methods to produce semiconducting architectures beyond what is
fundamentally possible with lithography." The production of
chemical arrays on the nanometer scale has been achieved to date
using hydrogen bonding® and metal—organic interactions.” How-
ever, because of the weak nature of these noncovalent (supramo-
lecular) chemistries,* the networks lack the necessary stability to
be used for the patterning of many nanotechnological devices.’ By
contrast, covalently bonded systems show higher stability but are
more difficult to control, and only a small number of studies exist.
These covalent systems include boron—nitride nanomeshes,® STM
tip-induced polymerization,’ electropolymerization of thiophenes,®
and, more recently, the first example of 2D surface polymerization
of porphyrins across small ~10 nm domains.’

Herein we show the first example of surface covalent organic
frameworks (SCOFs) extended to near-complete monolayer cover-
age with a tunable nanoporous structure and the stability for further
applications. To accomplish this, we use a boronate-based chemistry
applied to two-dimensional network formation on metallic surfaces
that has previously been shown to be effective for the synthesis of
highly ordered three-dimensional covalent organic frameworks
(COF).'°

The versatility of SCOFs was demonstrated by the production
of two boronate-based covalently bonded nanoporous surface
networks. The first SCOF-1 (see Figure 1b) is obtained by the
molecular dehydration of 1,4-benzenediboronic acid (BDBA), with
three boronic acid molecules reacting to form a six-membered B3;03
(boroxine) ring with the elimination of water. The second SCOF-2
network is formed by the condensation reaction of BDBA and
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) from an analogous
esterification reaction between the boronic acid and the diol groups
to form a dioxaborole heterocycle (see Figure 2). The most
energetically favorable structure for both the SCOF-1 and SCOF-2
networks is to form a perfect hexagonal array with boroxine or
triphenylene moieties at the junctions. The boronate-based chemistry
is particularly suited to this application because it largely produces
planar molecules."'

The molecular arrays were obtained by sublimation of BDBA
and HHTP under ultrahigh vacuum (UHV) from two heated
molybdenum crucible evaporators onto a clean Ag(111) surface.
Imaging of molecular layers was conducted using scanning tun-
neling microscopy (STM) at room temperature. Full experimental
conditions can be seen in the Supporting Information. It should be
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Figure 1. SCOF-1 formed from BDBA deposition on Ag(111): (a) the
chemical structure of BDBA; (b) the chemical structure of the boroxine
repeat unit formed from dehydration of 3 BDBA monomers; (c) STM image
(120 nm x 90 nm) of near-complete monolayer SCOF-1 film. The tunneling
conditions were I = 0.4 nA, V = —2.1 V. The inset shows the overlaid
chemical structure obtained by DFT calculation.

noted that similar BDBA fluxes were obtained with crucible
temperatures in the range of 370 to 460 K because polymerization
of BDBA occurred in the crucible, decreasing the quantity of free
BDBA over time. We investigated the effect of evaporator and
substrate temperatures (300—500 K) during deposition as well as
the effect of annealing (up to 770 K) on the formation of the SCOFs.
This allowed us to obtain ordered SCOFs with a surface coverage
from <1% up to a near entire monolayer. A covalent network was
produced even if the substrate was held at room temperature,
implying that the reaction activation temperature is below this. The
quality of the network was largely unaffected by changes in the
experimental parameters. The only visible effect is the removal of
impurities and/or water molecules produced during the polymeri-
zation process.

Figure 1 shows STM images of the SCOF-1 organized nanopo-
rous molecular film extended over the surface. The measured first
neighbor distance between pores was 15 & 1 A, which is in good
agreement with the 15.25 A size predicted using density functional
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Figure 2. SCOF-2 formed from BDBA and HHTP on Ag(111). (a)
Chemical structure of BDBA and HHTP molecules; (b) STM image of the
SCOF-2 network showing hexagonal and other polygon structures (e.g.,
pentagons and heptagons). The tunneling conditions were / = 1.7 nA, V =
—2.2 V. The inset shows the SCOF-2 network with overlaid chemical
structure obtained by DFT calculation.

theory (DFT)'? (see Figure lc) and thus confirms the covalent
formation of the boroxine-linked SCOF-1. The very high thermal
stability of the SCOF-1 was demonstrated by annealing the sample
up to 750 K for 5 min without degradation. However, after extended
periods (12 h at 750 K), significant degradation was noted and only
small domains of intact SCOF-1 remain visible. This can be
compared to the polymer degradation temperature of 762 K obtained
from thermal gravimetric analysis (see Supporting Information).

The surface is composed of a network of polygons, which is
dominated by hexagons, but other structures can be found such as
five-, seven-, and eight-membered rings. With careful observation,
it can be seen that the different polygon structures are caused by
either deformation of the perfect hexagon structure or an incomplete
ring closure in the boroxine. Overall, the observed polygon
distribution results from only a small number of faults in the
covalent bond formation. Annealing of the network to remove these
faults was ineffective, further confirming the permanent nature of
the bonding in the network.

One of the great advantages of SCOFs is the ability to control
the size and chemical functionality of the network by the use of
two complementary molecular building blocks, in this case, BDBA
and HHTP. To inhibit the homopolymerization of BDBA, a
monolayer of HHTP was initially deposited, followed by co-
deposition of the two molecules. Excess HHTP and water produced
during polymerization were then removed from the surface by
annealing.

The co-deposition of HHTP and BDBA produced the larger 29
A SCOF-2 nanoporous array shown in Figure 2b, which is in very
good agreement with the theoretical 29.8 A pore size obtained from
DFT calculations.'? The network is again dominated by hexagonal

structures with some defects present in the film. As with SCOF-1,
annealing of the sample up to 750 K did not degrade the structure
of the network, confirming the covalent nature of the molecular
network.

The comparison between the SCOF-1 and SCOF-2 shows that
the latter produces a network with fewer defects on the local level.
This is likely because the dioxaborole formation reaction is a
bimolecular reaction as opposed to the trimolecular boroxine
reaction, thus follows a more favorable kinetic path. Other effects
such as the increased rigidity of the triphenylene group and the
dilution effect of adding the HHTP molecule may also play a part
in this improvement.

Thus, our work has demonstrated the ability to form surface
covalent organic frameworks of varying pore sizes. This is the first
example of such a network exhibiting an extended array over such
a large area and the high temperature stability to conduct further
functionalization. These properties are essential for further applica-
tion in the patterning of nanoscopic arrays of magnetic, catalytic,
or electronic devices.
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