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Stacked layers of cyclic porphyrin nanorings constitute nanoscale
receptacles with variable height and diameter which preferentially
adsorb sublimed molecules. Using scanning tunnelling microscopy
we determine the filling capacity of these nanoring traps, and the
dependence of adsorbate capture on stack height and diameter.

The formation of arrays of nanopores which have the potential
to trap and organise adsorbed guest molecules has been widely
studied as a route to combine spatial organisation and chemical
functionalization on a surface.'™ This has been successfully
achieved using nanoporous templates stabilised by hydrogen
bonding, metal co-ordination and covalent coupling, both in
solution®*! and in vacuum."*'* In most cases the nanoporous
networks have a height corresponding to a single monolayer but
here we explore the capture of molecules within a trap formed by
stacked layers of porphyrin nanorings™*° with diameters up to
10 nm and heights of ~1 nm. We find significant differences
between the statistics of the capture of sublimed Cg, molecules
depending on both height and diameter of the traps.

A schematic diagram of the cyclic porphyrin nanoring is
shown in Fig. 1a. Each porphyrin macrocycle is linked to two
neighbouring porphyrins by butadiyne linker groups and the
nanorings are synthesised using a templating technique.">"*
In this study we have investigated ¢-P12 and c¢-P24 which have,
respectively, 12 and 24 porphyrin groups, and diameters,
assuming a circular conformation, of approximately 5 nm and
10 nm. In previous work we have shown that the nanorings may
be deposited on a surface held under vacuum conditions using
electrospray deposition.'®!” The smaller ¢-P12 adopts a near-
circular conformation (diameter ~5 nm) with monolayer
height in which the constituent porphyrin groups lie parallel
to a supporting substrate (Au(111)). The larger c-P24 shows a
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more complex behaviour with significant deviations from a
circular conformation due to the inherent flexibility of the
nanorings. In addition we observe columnar stacks of ¢-P24 up
to 4 layers high; the presence of the stacked rings is controlled by
the solvent chosen for use in the electrospray process, implying
that these nanostructures are formed prior to deposition. We have
argued that this is due to aggregations stabilised by m-m
interactions'>'® The variable height of the columnar stacks
facilitates a study of the influence of the vertical dimension
(perpendicular to the substrate) on the capture of guest mole-
cules by a supramolecular trap.

In the experiments described below we first prepare a Au(111)
surface under ultra-high vacuum (UHV) conditions. Porphyrin
nanorings are then deposited using electrospray and, after char-
acterisation of the surface using a scanning tunnelling micro-
scope (STM) housed within the UHV system, Cg, is deposited by
sublimation. The experimental procedures are similar to those
adopted in our previous work'**® and are described fully in ESLt

Fig. 1b shows an STM image of the surface following the
deposition of ¢-P24 followed by 0.3 monolayers (ML) of Cg,. The
nanorings are clearly resolved as cyclic structures with characteristic
dimensions of 10 nm. As observed in our previous work the
nanorings are not perfectly circular but undergo distortions due
to their flexibility; in some cases the distortion is extreme - for
example the nanoring near the right edge of Fig. 1b. The nanorings
have different heights as revealed by their different apparent bright-
ness. In this particular image there are three bright rings corre-
sponding to a stack of three nanorings and two with lower contrast
which correspond to a height of two stacked rings. In addition there
is one ring which has the height of a single monolayer in the top
right corner which is difficult to resolve in this figure due to the
overall height contrast range; under these scanning conditions this
monolayer nanoring has a slight negative contrast. The approximate
frequency of occurrence of stacks of 1, 2 and 3 rings is 1:1:2.
In common with our previous observations many nanorings are
observed either overlapping or tangential to Au terrace step edges.

Also apparent in Fig. 1b are rows of Cg, molecules which
are predominantly adsorbed either along step edges on the
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Fig. 1 (a) Chemical structure of c-P24 (left); schematic of a single, a double
stacked, and a triple stacked nanoring (right); (b) STM image (—1.7V, 0.03 nA)
of ¢-P24 porphyrin nanorings deposited via electrospray deposition and
subsequently sublimed 0.3 ML Cgq; profile lines indicated; scale bar 10 nm;
(c) profiles through porphyrin nanorings of variable stacking height partially
filled with Cgo; (d) STM image (—1.7 V, 0.03 nA) of c-P24 porphyrin nanorings
deposited via electrospray deposition and subsequently sublimed 0.7 ML
Cgo; inset: zoom of marked ring with showing positions of close-packed
Ceo molecules; scale bar 10 nm.

Au(111) surface, or as islands nucleated within the nanorings.
In the lower left of the image a triple height nanoring is clearly
resolved and is identified by the red line along which a height
profile is extracted and shown in Fig. 1c. A height profile is also

This journal is © The Royal Society of Chemistry 2014

View Article Online

ChemComm

shown for a double height nanoring (upper left; blue line
profile); this nanoring straddles a step edge of the Au(111)
surface. The height profile (green line) of the monolayer
nanoring is also shown in Fig. 1c. In each of these nanorings
there is captured Cgo which has an effective height, from the line
profiles, of ~0.4 nm and is approximately the same for each ring.
This effective height for the Cq, is close to that expected from
previous studies.'® In contrast the height of the enclosing nano-
ring differs significantly; for the triple height ring we measure
0.65 nm, for the double height ring, 0.3 nm and for the monolayer
we measure a depression of ~0.1 nm. The difference in height
due to the addition of each layer is close to the value of 0.34 nm
measured previously, but the absolute heights of the nanorings
are lower by approximately 0.2 nm as compared with our previous
work. We attribute this systematic difference to variations in
the termination of the STM tip as compared with our previous
work; in particular it is possible that in these experiments Cg is
transferred to the tip.

For this Cg, coverage, the islands within the three triple
height nanoring stacks occupy approximately half the available
enclosed area, and share a common boundary with the inner
edge of the nanorings. This indicates that the internal nanoring
edge is associated with the nucleation of the Ce, islands, although,
as discussed below, we resolve a small gap between the nanoring
and the enclosed Cg.

A slightly different behaviour is observed for the double
height nanoring identified in Fig. 1c where the nucleation has
likely occurred at the Au step edge and the resulting island is
wholly enclosed within the nanoring; we also see many double
height stacks where the growth is nucleated at the nanoring
edge, similar to the triple height nanorings. Interestingly the
Ceo island in the monolayer height island in Fig. 1b occupies a
higher fraction of the area enclosed by the nanoring than is
observed for the double and triple layer stacks. We also note that
there is evidence of mobile adsorbed material on this surface
which gives rise to streaking in the image.

In Fig. 1d we show an image acquired after further deposition
of Ceo. In addition to the Cg, trapped within the rings and step
edges we also see the growth of large fullerene islands at this
coverage (0.7 ML). The typical island size within the nanoring is
also larger. The inset to Fig. 1d shows a zoomed image of a
nanoring with an enclosed Cg island. In this image it is possible
to resolve both individual Cg, molecules and also the porphyrin
sub-units within the nanoring; the latter are associated with the
regular contrast variation around the perimeter of the nanoring
and it is possible to confirm that, as expected, there are 24 groups.
The images also show that Cg, molecules within the nanoring
adopt the expected hexagonal close packed structure. In addition,
we can clearly resolve in this image a low contrast gap between the
Ceo molecules and the centre of the porphyrin groups. This
separation is typically 1.5 nm and its presence shows that there
is an excluded area for Cg, within the ring.

After a series of sequential depositions the variation of the
effective coverage of Cg, inside and outside the nanorings is
determined (124 nanorings analysed over fifteen 100 nm” images).
First we note the linear dependence of Cg, coverage outside the
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Fig. 2 Coverage of Ceg inside and outside the porphyrin nanorings with
increasing Cgo deposition time.

nanorings with cumulative deposition time. In determining
this value we first exclude from the overall area within an image
those parts of the surface covered, or enclosed by nanorings.
The proportion of this fraction of the surface covered by Cg is
then plotted in Fig. 2. The coverage of C¢, within the nanorings
is determined as a fraction of area of the enclosed Cg, island
divided by the pore area of the individual ring (which varies due
to shape distortion). For the ring internal area we take the dark
contrast area enclosed by the inner perimeter of the nanoring.
The pore size ranges from 34-38 nm?, equivalent to a circle with
aradius of ~3.4 £ 0.2 nm. This is consistent with the maximum
number of trapped Cq, molecules, which we find to be 37 and
represents the capacity of the nanoring.

From Fig. 2 it is clear that there is an enhanced probability
of fullerene adsorption within the nanorings. In addition, the
capture probability is highest for the monolayer rings, with the
higher, stacked rings having a capture probability intermediate
between that of the monolayers and the surrounding gold
surface. These observations are consistent with an enhanced
nucleation rate for Cg, island formation within the nanorings which
might arise, for example, from an enhanced residence time of a
molecule within the nanoring. This might be expected due to the
interaction of the Cq, with the internal edges of the nanoring and is
also consistent with the presence of a barrier for molecules to
diffuse over the nanoring and escape from the local trapped region.
We further suggest that that the reduction of relative coverage for
higher, stacked rings is due to a larger barrier which molecules
must overcome to enter a nanopore. Note that the density within
nanorings of all heights is significantly greater than the surrounding
region, particularly at low coverage, implying that at least some of
the captured molecules must be incident elsewhere on the surface
and diffuse before becoming trapped in the nanoring.

The capacity of ¢-P24 is significantly less than that expected
from the geometric radius of ¢-P24, 5 nm. The effective radius is
~ 3.4 nm, and the difference, 1.6 nm, is very close to the length
of the solubilising groups attached to the porphyrin macro-
cycles. We therefore suggest that these sidegroups are adsorbed
in a quasi-linear conformation which spreads radially across
the surface giving rise to a region where it is not energetically
favourable for Cg( islands to grow. This in-plane conformation
of the sidegroups is consistent with our previous observations
on the packing of linear analogue polymers.'”
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Fig. 3 STM images (—1.7 V, 0.03 nA) of c-P12 deposited via electrospray
deposition and sublimed Cgg (a: 0.3 ML; b: 0.7 ML). Scale bar 5 nm.

We have also investigated Cg, capture by the smaller ¢-P12
nanorings. As for ¢-P24 we first deposit the nanorings by
electrospray (stacking is not observed for ¢-P12 which are always
found to have a monolayer height), followed by deposition of Ce, by
sublimation. Fig. 3 shows STM images acquired after the deposition
of 0.3 ML and 0.7 ML of Cg. For the lower coverage (Fig. 3a) we
observe a preference for Cq, adsorption in regions outside the
nanoring (50% of nanorings are empty). In particular, we show that
even where the local coverage of Cg, is very high, within a hexa-
gonally close packed island, Cg, is not present within the
nanoring. In fact for this particular nanoring there is no
captured Cgo and the nanoring is embedded within a fullerene
island which has grown around it (note that the porphyrin sub-units
of the nanoring can be resolved in this image). At higher coverage
(Fig. 3b) we observe a lower fraction (28%) of empty nanorings, and
again see Cg islands grown around the nanoring. In this case,
we resolve three Cq, molecules within the nanoring.

The low number of captured Cg, within the ¢-P12 nanorings is
consistent with the excluded region observed for the ¢-P24. Since we
expect a denuded region within ~1.6 nm of the centre of the
porphyrin macrocycle, the effective trapping radius of a nanoring is
reduced from the geometric radius (2.5 nm) to ~0.9 nm. The
effective area of a circular region with this radius is ~2.5 nm?
which corresponds to ~ 2.94,,,,;, Where A, is the area occupied per
Cgo molecule in a hexagonally close-packed layer. This is consistent
with our observation of a maximum of 3 captured Cg, molecules.

The absence of Cg, in ¢-P12 at lower overall coverage implies
that there are more favourable bonding sites available at low
coverage. This is in contrast to ¢-P24 and is, at least partially,
due to the lower co-ordination of trapped molecules in ¢-P12.
Since only 3 molecules may be accommodated the maximum
co-ordination is 2, much lower than for the clusters in c-P24
and elsewhere on the surface.

In conclusion we have found that the recently identified
stacked cyclic porphyrin polymers can trap adsorbed material.
The trapping probability shows a clear dependence on both the
height of the nanorings and their perimeter length. Interestingly
the geometry of the resulting nanostructures corresponds to
cylindrical regions of one organic material enclosed within
another organic adsorbate. In fact the molecules chosen here
are two organic semiconductors and our observations motivate
the formation of more ordered structures on alternative sub-
strates which will allow a study of the influence of supra-
molecular order on optoelectronic properties such as exciton
transfer, luminescence and photovoltaic effects.
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