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Functionalized Supramolecular Nanoporous Arrays for Surface Templating

Lu'sM. A. Perdig¼o,[a] Alex Saywell,[a] Giselle N. Fontes,[a, b] Paul A. Staniec,[a]

Gudrun Goretzki,[c] Anna G. Phillips,[c] Neil R. Champness,*[c] and Peter H. Beton*[a]

Introduction

The bottom-up approach to nanostructure fabrication offers
new routes to the systematic preparation of nanostructures
by design. One particularly promising approach is to utilise
the principles and techniques embodied in the field of
supramolecular chemistry.[1,2] In particular, the use of supra-
molecular chemistry has demonstrated that a high degree of
control can be exerted over molecular orientation by the
use of non-covalent intermolecular interactions.[3] Supra-

molecular chemistry offers not only the possibility to control
self-assembly processes, but also, through chemical function-
alisation of the constituent species, the potential for molecu-
lar recognition by the self-assembled architecture.[4] Thus,
the utilisation of supramolecular chemistry offers a highly
flexible methodology for control of nanoscale structure.

Two-dimensional self-assembly of molecules on surfaces,
when combined with scanning probe techniques, provides
direct evidence of the great potential of this approach. In
particular, self-assembled structures that are stabilised by in-
termolecular interactions such as hydrogen bonding, metal
coordination and dipolar coupling have been demonstrated
by using a variety of molecule–substrate systems.[5–23] Fur-
thermore, we have recently demonstrated the formation of
two-dimensional bimolecular cavities stabilised by hydrogen
bonding that may be used to trap diffusing species[15–17] as
guest molecules. In related work Stepanow et al.[20] have
demonstrated that the host–guest interaction may be modi-
fied through the inclusion of additional chemical groups
within the framework molecules. Here we explore the possi-
bility of adding host–guest selectivity to these pores through
the rational design of the constituent molecules that form
the network. We demonstrate that chemical functionality be
introduced to such systems and also that functionalisation of
the nanoscale architectures can lead to new self-assembled
structures and the resultant host–guest properties of the
nanoarchitecture can be tuned.

Abstract: Controlled self-assembly and
chemical tailoring of bimolecular net-
works on surfaces is demonstrated
using structural derivatives of 3,4:9,10-
perylenetetracarboxylic diimide
(PTCDI) combined with melamine
(1,3,5-triazine-2,4,6-triamine). Two
functionalised PTCDI derivatives have
been synthesised, Br2–PTCDI and di-
ACHTUNGTRENNUNG(propylthio)–PTCDI, through attach-
ment of chemical side groups to the
perylene core. Self-assembled struc-

tures formed by these molecules on a
Ag–SiACHTUNGTRENNUNG(111)
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R308 surface were
studied with a room-temperature scan-
ning tunneling microscope under ultra-
high vacuum conditions. It is shown
that the introduction of side groups can

have a significant effect upon both the
structures formed, notably in the case
of di(propylthio)–PTCDI which forms
a previously unreported unimolecular
hexagonal arrangement, and their en-
trapment behaviour. These results
demonstrate a new route of functional-
isation for network pores, opening up
the possibility of designing nanostruc-
tured surface structures with chemical
selectivity and applications in nano-
structure templating.
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Specifically we show that bimolecular honeycomb arrays
can also be formed if the 3,4:9,10-perylenetetracarboxylic
diimide (PTCDI) from the known hexagonal PTCDI/mel-
ACHTUNGTRENNUNGamine arrangement[15,16] (melamine=1,3,5-triazine-2,4,6-tri-
ACHTUNGTRENNUNGamine) is replaced with similar molecules that are function-
alised through the attachment of a side group to the pery-
lene core, generically called here R2–PTCDI (Scheme 1,
top). The synthesis of perylene diimide derivatives has been
extensively examined allowing the development of such
molecules for a wide variety of applications;[24] however,
only a few examples of derivatised perylene diimides that
maintain the non-alkylated imide group have been previous-
ly described.[25] The diimide termination, present in the orig-
inal PTCDI molecule and which is essential for the forma-
tion of the triple hydrogen bond with melamine and respon-
sible for the stabilisation of the hexagonal arrangement ob-
served in the mixtures, is preserved in our structural design.

This type of system combines the templating effect that has
been demonstrated previously for such hexagonal nanoarch-
itectures with the possibility of molecular recognition driven
by the functional group added to the original PTCDI mole-
cule. We have studied two variants of R2–PTCDI, firstly
with R being bromine, (Scheme 1, bottom left), and the
other with propylthio substituents (Scheme 1, bottom right).
Although each of these molecules forms characteristic as-
semblies on the Ag�Si ACHTUNGTRENNUNG(111)
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R308 surface, they differ
from the arrangements of the parent compound PTCDI on
the same surface. Whereas Br2–PTCDI forms a nanoporous
hexagonal arrangement by co-self-assembly with melamine,
di(propylthio)–PTCDI forms a unimolecular self-assembled
nanoporous hexagonal arrangement, the periodicity of
which can be increased by the introduction of melamine and
subsequent bimolecular structure self-assembly.

Results and Discussion

Chemical synthesis : Br2–PTCDI was prepared by bromina-
tion of the 3,4:9,10-perylenetetracarboxylic dianhydride
(PTCDA) to afford a mixture of isomers Br2–PTCDA.[26]

The preparation of Br2–PTCDA yields a mixture of both
1,7- and 1,6-isomers in an estimated 4:1 ratio that it has not
proven possible to separate.[26b] Subsequent reaction of Br2–
PTCDA with NH4OH(aq) affords Br2–PTCDI as a highly in-
soluble red solid. Perylene diimide species, without alkyl/
aryl tail groups, are notoriously insoluble in common organ-
ic solvents and thus separation of the 1,6- and 1,7-isomers is
not feasible at this stage of the synthetic procedure. Di(pro-
pylthio)–PTCDI was prepared by two alternative routes
(Scheme 2). Introduction of the propanethio appendages is
successfully achieved by the reaction of propanethiol with
either N,N’-diACHTUNGTRENNUNG(n-butyl)-1,7-dibromoperylene-3,4:9,10-tetra-
carboxylic acid diimide or N,N’-di(2,4-dimethoxy)-benzyl)-
1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid diimide in
the presence of a base to give compound 1 or 4, respectively.
Compound 1 can be converted to the corresponding disub-
stituted dithioether–PTCDI by using the traditional method-
ology[26b] of converting the dialkyl perylene diimide to the
corresponding dianhydride 2 followed by subsequent con-
version to diimide 3. This synthetic procedure successfully
produces the desired product, but in a yield of only 45%
from 1 and is a relatively aggressive synthetic strategy, using
a 100-fold excess of KOH as a reagent. Thus, we have estab-
lished a new procedure for the synthesis of PTCDI mole-
cules derivatised in the so-called bay region. By using 2,4-di-
methoxybenzyl alkylated intermediates (e.g., 4) in the syn-
thetic strategy we are able to convert the 2,4-dimethoxyben-
zyl-protected perylene species to the desired PTCDI prod-
uct by a simple deprotection step, using methanesulfonic
acid, without the need to prepare an intermediary anhydride
species. This mild approach, in comparison to the conven-
tional procedure, affords the desired species 3 in 89% from
the dialkylated species 4. A similar approach of protection/
deprotection for the formation of diimide PTCDI deriva-

Scheme 1. Top: Target hexagonal arrangement with R2–PTCDI and mela-
mine stabilised by a triple hydrogen bond. The functionalisation of the
cavities is achieved through the attachment of chemical groups (repre-
sented with R and highlighted with grey circles) onto the sides of the per-
ylene core of the PTCDI molecule. Bottom left and right: Br2–PTCDI
and di(propylthio)–PTCDI, respectively.
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tives has recently been reported by WKrthner et al. using
the cleavage of N-methylbenzyl derivatised PTCDI-based
species using BBr3.

[25a] Unfortunately we were unable to sep-
arate the 1,6- and 1,7-isomers of either 1 or 4, although the
1,7-isomer is the major component with trace amounts of
the 1,6-isomer present in either material and thus the final
product 3 is predominantly the 1,7-isomer with only traces
of the 1,6-isomer present.

Surface studies

Br2–PTCDI : Following deposition of Br2–PTCDI onto the
Ag�Si surface, one-dimensional molecular rows are formed
as shown in the STM images in Figure 1a. A higher resolu-
tion STM image is shown in Figure 1b in which the Ag�Si
reconstruction is visible with darker contrast regions corre-
sponding to a silicon trimer.[27] In common with PTCDA
and PTCDI[16,28] on this surface, the Br2–PTCDI molecules
have intramolecular contrast corresponding to a double lobe
that runs parallel to the long axis of the molecules. From
this identification it is possible to determine the molecular
position and orientation relative to the substrate. The self-
assembled rows adopt an orientation parallel to the h112̄i di-
rection of the substrate with a measured molecule–molecule
spacing along the row of (14.8�0.2) N. Individual molecules
within a row can be resolved, see white dashed rectangle in
Figure 1b, and from these high-resolution images we pro-
pose a model for a row with a width corresponding to a
single molecule. This is shown in Figure 1c, which is stabi-

lised by a double hydrogen bond between neighbouring
molecules, linked through the imide terminations.[28–31]

The arrangement proposed for single Br2–PTCDI chains
is similar to that observed for single rows of PTCDI on the
same substrate.[28] However, for PTCDI the rows are much
shorter and co-exist with large two-dimensional islands. For
Br2–PTCDI many of the molecular rows have widths corre-
sponding to one or two molecules, but we do not observe
extended two-dimensional islands (for an analysis of the dis-
tribution of row widths see the Supporting Information).
Thus the addition of the �Br appendage to the PTCDI has
resulted in an enhanced stability of one-dimensional rows
relative to extended islands. In recent numerical studies of
anisotropic growth[32,33] it has been demonstrated that such
an enhancement can result either from an increase in the
hydrogen-bonding interaction or a reduction in the intermo-
lecular interactions that stabilise row–row coupling in island
formation. In the case studied here the addition of the �Br
appendage has a negligible effect of the strength of hydro-
gen bonding. However, the presence of this electronegative
species on the perylene core is expected to give rise to a re-
pulsive Br�Br intermolecular interactions that leads to a re-
duction in inter-row interactions. This results in a relative

Scheme 2. Reaction scheme illustrating synthetic strategy to PTDCI-de-
rivatives: i) KOH, iPrOH; ii) CH3COOH, 95%; iii) NH4OH, 47%; iv)
MeSO3H, C6H5Me, 89%.

Figure 1. a) STM image of the Ag�Si ACHTUNGTRENNUNG(111)
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R308 surface, after
Br2–PTCDI sublimation (Vsample=�2 V, Itunnel=0.05 nA), in which the for-
mation of elongated rows following well-defined directions is evident.
b) Higher resolution image of an area with different Br2–PTCDI row
widths (Vsample=�2 V, Itunnel=0.05 nA). A single molecular row is high-
lighted with a white dashed rectangle. c) Schematic model for the single
molecular row highlighted (substrate reconstruction is represented with
the hexagonal grid, with the centres corresponding to silicon trimers) in
b), with each molecule forming a double hydrogen bond with neighbour-
ing molecules and the row parallel to the substrate h112̄i direction. The
dimension of each STM image is given in the inserted scale bar.
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destabilisation of two-dimensional growth in favour of row
formation.

The deposition of melamine onto a sub-monolayer of
Br2–PTCDI coverage, followed by annealing at �60 8C, re-
sults in the formation of a bimolecular honeycomb arrange-
ment as shown in the STM image in Figure 2a. A magnified
image of the network with detail of the surface reconstruc-
tion is shown in Figure 2b. The periodicity of the network is
�35 N, and the network lattice vectors are parallel to the
substrate h11̄0i direction. These dimensions are identical,
within experimental error, to those previously reported for a
PTCDI/melamine network.[16] This shows clearly that the
observed arrangement is a direct analogue to the previously
reported network in which Br2–PTCDI molecules adopt the
hexagonal structure illustrated in Scheme 1, top (see super-
imposed molecular model in Figure 2b).

One difference with our previous work is that we observe
a complete conversion of the Br2–PTCDI into the hexagonal
framework. For unfunctionalised PTCDI we observe a co-
existence between the bimolecular hexagonal framework
and two-dimensional PTCDI islands. The complete conver-
sion of the brominated derivative, accounted for by the de-
stabilisation of two-dimensional Br2–PTCDI islands, is po-
tentially significant for the formation of large-area, single-
phase networks and offers the possibility of much greater
homogeneity of entrapment properties. Furthermore this
difference confirms that the properties of supramolecular
arrays may be engineered through relatively minor changes
in the constituent molecules. Although the bimolecular Br2–
PTCDI···melamine honeycomb network can in principle ex-
hibit chirality (see Figure 2b) we were unable to determine
the precise positioning of individual bromine substituents
and therefore are unable to establish the precise extent of
chirality exhibited by the honeycomb framework.

Most importantly these results confirm the hypothesis
that the formation of bimolecular hexagonal assemblies be-
tween R2–PTCDI and melamine is possible. The use of Br2–
PTCDI provides the first demonstration of a route to func-
tionalise the cavities of the PTCDI/melamine regular hexag-
onal arrangement. It is worth noting that Br2–PTCDI is a
synthetic precursor to a range of R2–PTCDI molecules[25]

and as such the Br2–PTCDI/melamine array offers the po-
tential for further chemical functionalisation.

The C60-entrapment properties of this network were com-
pared with previous results on PTCDI/melamine assem-
blies.[15,16] The STM images (Figure 2c) show the formation
of C60 heptamers within the pores as observed when C60 is
deposited on the PTCDI/melamine porous network. This in-
dicates that both Br2–PTCDI/melamine and PTCDI/mela-
mine networks stabilise C60 clusters with similar geometries,
most likely as a result of the relatively short steric bulk of
the Br appendages. Interestingly we have observed that the
heptamers captured in the brominated cavities, as compared
with the parent PTCDI/melamine array, are more suscepti-
ble to interactions with the tip of the scanning probe micro-
scope providing indirect evidence that they are less strongly
bound.

Di(propylthio)–PTCDI : Deposition of 0.4 monolayers of
di(propylthio)–PTCDI onto a clean Ag�Si surface results in

Figure 2. a) Image showing hexagonal supermolecular structures formed
with Br2–PTCDI and melamine on the Ag�Si ACHTUNGTRENNUNG(111)
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R308 surface
(Vsample=++2.1 V, Itunnel=0.05 nA). b) Higher resolution image (Vsample=

�2 V, Itunnel=0.05 nA) of the Br2–PTCDI/melamine hexagonal network,
in which the double protrusion of each Br2–PTCDI molecule is apparent.
The hexagonal mesh represents the surface reconstruction with the hexa-
gon centres corresponding to silicon trimers (see text). One of the h112̄i
surface directions is represented with the white arrow. A molecular
model is superimposed for clarification. c) Image (Vsample=�2.8 V, Itunnel=
0.03 nA) showing three captured C60 heptamers within the cavities of the
Br2–PTCDI/melamine network. d) Molecular model of a C60 heptamer
inside a Br2–PTCDI/melamine pore. The dimension of each STM image
is given in the inserted scale bar.
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the formation of two-dimensional self-assembled structures,
in contrast to Br2–PTCDI. The STM image shown in Fig-
ure 3a reveals two co-existing domains labelled as a and b.
Whereas in the b region the molecules form a close-packed
array, those in the a region adopt a very interesting hexago-
nal arrangement (shown in more detail in Figure 3b; see
Supporting Information for discussion of region b). The hex-
agonal structure has a periodicity of 28.3�1 N, and an angle
of 16�28 relative to the h112̄i substrate direction. The mea-
sured periodicity is significantly smaller than the dimensions
observed for the PTCDI/melamine complex (Scheme 1,
top),[15,16] and, moreover, cannot arise from an arrangement
in which the molecules are linked by double hydrogen
bonds, as observed for Br2–PTCDI.

We propose a model, shown in Figure 3c in which each
vertex is formed by a junction of three molecules and stabi-
lised by three hydrogen bonds between the N�H groups on
one molecule and one of the C=O groups on a neighbouring
molecule. This triple vertex bonding configuration is similar
to the stabilising linkage proposed for cyanuric acid on the
same surface[34] and is chiral.

It is clear that PTCDI, even in the absence of the side
groups, could adopt this hexagonal configuration for which
the overall number of hydrogen bonds per molecule is the
same as in the rows formed by Br2–PTCDI and PTCDI.
However, the hexagonal arrangement is only observed for
molecules that incorporate the propylthio side groups. We
hypothesise that an additional attractive C�H···O hydrogen-
bonding interaction may exist between the propylthio chains
and the oxygen atom on a neighbouring molecule that is not
bound to an imide group within the trigonal vertex. The sta-
bilisation energy obtained for the vertex in this configura-
tion, calculated from density functional theory (see Support-
ing Information) is 0.86 eV. For an alternative configuration,
in which the vertex chirality is preserved but the propylthio
chains are attached to the other bay-region carbon atoms
(see arrows in Figure 3c and Supporting Information), a sta-
bilisation energy of 0.70 eV was calculated. Thus, the config-
uration shown in Figure 3c, with the propylthio chains closer
to the available oxygen atom, is calculated to be more
stable. The stabilisation energy calculated for a vertex com-
posed with three PTCDI molecules (with no side chains) is
0.78 eV, lower than the energy obtained for the suggested
vertex, further demonstrating the contribution of the side
chains in stabilising the structure.

The additional stabilisation provided by the side chains
implies that they must adopt a specific conformation. Note
that, due to their flexibility arising from the potential for ro-
tation about the C�C bond axes, there are several different
conformations which the molecular side chains might adopt.
In this context the stabilisation may be considered as an
adaptive effect in which the molecule adopts a specific con-
formation in response to its local environment. The link be-
tween flexibility of molecules and their potential for inter-
locking through adopting mutually energetically favourable
conformations has recently been highlighted for adsorbed
amino acids.[35]

Figure 3. STM image (Vsample=�2.5 V, Itunnel=0.03 nA) after sublimation
of di(propylthio)–PTCDI onto a Ag�Si ACHTUNGTRENNUNG(111)

ffiffiffi

3
p

8
ffiffiffi

3
p

R308 surface. Two
distinct domains were labelled with a for the hexagonal and b for the
close-packed arrangement. b) Magnified image (Vsample=�2.5 V, Itunnel=
0.03 nA) of a hexagonal region (a), in which a trimer node is highlighted
with a dashed white circle and the surface reconstruction represented
with a hexagonal mesh. c) Molecular model proposed for the trimer
vertex highlighted in the previous image. The hydrogen atoms highlight-
ed with grey circles and with arrows are alternative attachment sites for
the propylthio chains as discussed in text. d) Schematic model proposed
for the (10,4,3) molecular registry with the substrate. The arrow repre-
sents the periodicity of the arrangement of
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aAg�Si (three hexagonal
spacings of the molecular network), and the dashed lines detail each to
the 10aAg�Si and 4aAg�Si periods of the surface. q is defined as the angle
between the pore–pore direction of the molecular network and one of
the h112̄i directions of the reconstructed Ag�Si ACHTUNGTRENNUNG(111)
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R308 surface.
The arrangement is composed with trimers identical to that shown in
part c), but with opposite chirality for information. The dimension of
each STM image is given in the inserted scale bar.
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The hexagonal arrangement is composed of an array of
these trigonal vertices as shown schematically in Figure 3d.
Based on the measured angles and periodicity of the ar-
rangement, we propose a model that is commensurate with
the substrate, with indices (l,m,n) (notation used in referen-
ces [27a–c]) for hexagonal molecular arrangements on hex-
agonally reconstructed surfaces of (3,10,4), and a periodicity
of

ffiffiffiffiffiffiffiffi
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aAg-Si=82.9 N (see Figure 3d), corresponding to a
pore-to-pore distance of 27.6 N. According to this model the
pore-to-pore direction forms an angle of �16.1 8 with the
substrate h112̄i direction. These values are in good agree-
ment with those observed experimentally.

There are two possible angles (positive or negative) that
this molecular arrangement may adopt relative to the sub-
strate while observing the commensurability indicated with
the indices above. In the trimer configuration given in Fig-
ure 3d (positive angle), the direction of the end-to-end axis
of the molecules is parallel to the h11̄0i direction, whereas
the negative angle and opposite chirality (Figure 3c) leads to
molecules being parallel to the h112̄i substrate direction.
Our STM images reveal that we only observe one molecular
orientation relative to the substrate which corresponds to
the long axis of the molecule (intersecting the imide groups)
parallel to the h11̄0i direction, as represented in Figure 3d.
We also note that in the proposed model the molecules are
all centred above high-symmetry positions (either Si or Ag
trimers) in the reconstructed surface. This structure offers
an alternative route to the formation of hexagonal porous
networks, such as PTCDI/melamine and Br2–PTCDI/mela-
mine, but with a smaller pore size and using a single mole-
cule species.

Figure 4a shows STM images obtained after deposition of
melamine on the sample discussed above (deposition time
�4 h with sample held at 60–80 8C). These images show the
formation of hexagonal networks with periodicity and orien-
tation relative to the substrate that is identical to the
PTCDI/melamine and Br2–PTCDI/melamine bimolecular
structures (Figure 4b). This indicates that the unimolecular
di(propylthio)–PTCDI hexagonal array has been converted
into a bimolecular di(propylthio)–PTCDI/melamine hexago-
nal phase. The changes in network dimension through addi-
tion of melamine demonstrate an interesting, and we believe
first demonstration of, sequential development of self-as-
sembled structures with increasing porosity.

Deposition of C60 onto the hexagonal network, Figure 4c
gives rise to a very different entrapment behaviour relative
to the Br2–PTCDI/melamine and PTCDI/melamine net-
works;[16] we see no evidence for heptamers or hexamers
within the pores. It is possible to identify some fullerenes
over some of the constituent molecules of the network as
well as within the pores, but in an irregular fashion. A close
inspection of the images shows that the underlying hexago-
nal structure is preserved demonstrating that the presence
of the propylthio chains in the cavities inhibits the entrap-
ment of fullerene molecules. This is most likely due to a
steric hindering effect of the C60–surface interaction as a

result of the presence of the propylthio chains providing a
partial coverage of alkane chains within the pore.

Conclusion

We have demonstrated that the self-assembly and entrap-
ment properties of surface-based supramolecular arrays may
be controlled through the addition of simple functional
groups to molecular building blocks. The incorporation of
bromine in the bay region of PTCDI leads to a reduction in
inter-row coupling and a preference for one-dimensional
growth, as opposed to the formation of close-packed two-di-
mensional islands. The self-assembly of a unimolecular hex-
agonal arrangement in di(propylthio)–PTCDI is particularly
noteworthy, illustrating the stabilising effect on introducing
short-chain side groups to the PTCDI scaffold. Moreover
we have demonstrated that the chemical functionalisation of
the bay region of PTCDI provides a route for the rational
introduction of chemically active groups on the perimeter of
the pores formed in a two-dimensional supramolecular net-
work. The modification of the unimolecular di(propylthio)–
PTCDI hexagonal array to the bimolecular di(propylthio)–
PTCDI/melamine array, resulting in a stepwise increase in

Figure 4. a) STM image (Vsample=�2.5 V, Itunnel=0.03 nA) showing the bi-
molecular hexagonal network formed after sublimation of melamine
onto adsorbed di(propylthio)–PTCDI. b) Molecular model of the ar-
rangement highlighted in (a). c) STM image (Vsample=�2.3 V, Itunnel=
0.03 nA) after deposition of C60 onto the bimolecular honeycomb net-
work. The dimension of each STM image is given in the inserted scale
bar.
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network periodicity, represents an example of dimensional
control of porous-surface-based self-assembled structures
through the exploitation of an additional supramolecular
synthon. The contrasting entrapment behaviour observed
with the di(propylthio)–PTCDI/melamine hexagonal net-
works relative to PTCDI/melamine and Br2–PTCDI/mela-
mine systems demonstrates the potential for control,
through selection of side chains, of the properties of these
cavities. Since Br2–PTCDI is the precursor to many other
functionalised R2–PTCDI derivatives, with potentially more
reactive attached groups, our work represents important
progress towards the objective of combining chemically se-
lectivity with spatial organisation within two dimensional
nanoporous networks.

Experimental Section

Perylene-3,4:9,10-tetracarboxylic acid (Aldrich) was brominated accord-
ing to a literature procedure[26] and converted to N,N’-bis ACHTUNGTRENNUNG(n-butyl)-di-
ACHTUNGTRENNUNGbromo-3,4:9,10-perylenetetracarboxylic diimide with n-butylamine in bu-
tanol/H2O.[26] All reactions were carried out under an atmosphere of ni-
trogen. Column chromatography was performed on silica gel (Merck
silica gel 60, 0.2–0.5 mm, 50–130 mesh). The 1H NMR (300 MHz) and
13C NMR (75 MHz) spectra were obtained on a Bruker DPX 300 spec-
trometer. Microanalyses were performed by Stephen Boyer, London
Metropolitan University. MS spectra (MALDI-TOF-MS) were deter-
mined on a Voyager-DE-STR mass spectrometer.

N,N’-Di ACHTUNGTRENNUNG(n-butyl)dipropylthioperylene-3,4:9,10-tetracarboxylic acid di-
ACHTUNGTRENNUNGimide (mixture of 1,7- and 1,6-isomers) (1): N,N’-Di ACHTUNGTRENNUNG(n-butyl)-1,7-dibro-
moperylene-3,4:9,10-tetracarboxylic acid diimide[26] (660 mg, 1 mmol),
NaOH (100 mg, 2.5 mmol) and propanethiol (0.19 mL, 3 mmol) were sus-
pended in pyridine (30 mL) and heated under reflux for 3 h. The progress
of the reaction was followed by thin-layer chromatography with CH2Cl2
as eluent. After cooling to room temperature, the mixture was poured
into 10% HCl and extracted with CH2Cl2. The organic phase was dried
over Na2SO4, filtered and concentrated. The crude product was pure
enough at this stage for further reaction procedures. For samples for
analysis, the compound can be purified by column chromatography
(silica) with CH2Cl2/hexane (5:1) as eluent allowing partial separation of
the isomers. Yield 93%; 1H NMR (CDCl3): d =8.78 (d, J=8 Hz, 2H),
8.73 (s, 2H), 8.65 (d, J=8 Hz, 2H), 4.24 (t, J=7 Hz, 4H; NCH2), 3.20 (t,
J=7 Hz, 4H; SCH2), 1.73 (m, 8H), 1.46 (m, 4H), 1.05 ppm (m, 12H;
CH3);

13C NMR (CDCl3): d =163.86, 163.75, 138.86, 133.03, 132.87,
131.23, 129.30, 129.25, 128.75, 125.69, 122.37, 121.89, 40.86, 38.30, 31.33,
30.64, 22.38, 20.82, 14.26, 13.99 ppm; MS (MALDI-TOF): m/z : 650.6 [M+

].

Dipropylthioperylene-3,4:9,10-tetracarboxydianhydride (mixture of 1,7-
and 1,6- isomers) (2): Compound 1 (650 mg, 1 mmol; mixture of isomers)
was dissolved in iPrOH (20 mL) and finely ground KOH (5.7 g,
100 mmol) was added. The suspension was sonicated for 15 min and sub-
sequently heated under reflux for 4 h. The progress of the reaction was
followed by thin-layer chromatography with CH2Cl2 as eluent. After
cooling to room temperature the mixture was poured into 50% acetic
acid and stirred for 1 h. The precipitate was filtered, redissolved in
CH2Cl2 and washed with water. The organic phase was dried over
Na2SO4, filtered and concentrated to yield a red powder (525 mg, 95%
yield). 1H NMR (CDCl3): d =8.93 (d, J=8 Hz, 2H), 8.88 (s, 2H), 8.74 (d,
J=8 Hz, 2H), 3.23 (t, J=7 Hz, 4H; SCH2), 1.72 (m, 4H), 1.05 ppm (m,
6H; CH3);

13C NMR (CDCl3): d =160.43, 159.97, 140.62, 134.03, 133.52,
132.96, 131.39, 129.88, 129.37, 127.92, 118.76, 118.45, 38.37, 22.25,
13.91 ppm; MS (MALDI-TOF): m/z : 540.3 [M+].

N,N’-Di[(2,4-dimethoxy)benzyl]dipropylthioperylene-3,4:9,10-tetracar-
boxylic acid diimide (mixture of 1,7- and 1,6- isomers) (4): An identical

procedure was used as for the synthesis of 1, but with N,N’-di[(2,4-di-
ACHTUNGTRENNUNGmethoxy)benzyl]-1,7-dibromoperylene-3,4:9,10-tetracarboxylic acid di-
imide as a starting material. 1H NMR (CDCl3): d=8.87 (d, J=8 Hz, 2H),
8.81 (s, 2H), 8.73(d, J=8 Hz, 2H), 7.12 (d, J=9 Hz, 2H), 6.50 (s, 2H),
6.39 (d, J=9 Hz, 2H), 5.43 (s, 2H), 3.90, 3.43 (2 s, 6H each), 3.20 (t, J=

7 Hz, 4H; SCH2), 1.72 (m, 4H), 1.05 ppm (m, 6H; CH3);
13C NMR

(CDCl3): d=163.84, 163.77, 160.47, 158.61, 140.31, 138.96, 133.14, 132.95,
131.42, 129.45, 129.34, 128.86, 128.69, 125.84, 122.46, 121.99, 117.77,
104.52, 99.02, 56.02, 55.75, 39.242, 38.43, 22.38, 13.95 ppm; MS (MALDI-
TOF): m/z : 838.8 [M+].

1,7-Dipropylsulfaneperylene-3,4:9,10-tetracarboxydiimide (mixture of
1,7- and 1,6- isomers) (3)

Synthesis from compound 2 : Compound 2 (mixture of isomers; 160 mg,
0.3 mmol) was suspended in NH4OH (20 mL) and heated under reflux
overnight. The reaction mixture was cooled to room temperature and
poured into glacial acetic acid in ice. The precipitate was filtered by grav-
ity and dried in an oven overnight to yield a blue powder (75 mg, 47%),
which exhibited very low solubility in common organic solvents.

Synthesis from compound 4 : Compound 4 (250 mg, 0.3 mmol) was dis-
solved in toluene (20 mL), and methanesulfonic acid (2 mL) was added.
The reaction mixture was heated under reflux for 4 h, over which time all
perylene-containing material precipitated leaving a clear solution. The
solvent was removed and the residue titurated with water, filtered and
dried to yield 3 as a blue powder. Yield 89%; 1H NMR (CDCl3 + tri-
fluoroacetic acid): d=9.08 (d, J=8 Hz, 2H), 8.88 (s, 2H), 8.81 (d, J=

8 Hz, 2H), 3.27 (t, J=7 Hz, 4H; SCH2), 1.79 (m, 4H), 1.05 ppm (m, 6H;
CH3); MS (MALDI-TOF): m/z : 538.0 [M+].

Surface studies : The R2–PTCDI and melamine deposition were per-
formed under ultra-high vacuum (UHV) conditions (base pressure
<10�10 Torr). The Ag�Si ACHTUNGTRENNUNG(111)

ffiffiffi

3
p

8
ffiffiffi

3
p

R308 surface (Ag�Si hereafter) was
prepared under UHV by outgassing a 3 mm87 mm piece of a Si ACHTUNGTRENNUNG(111)
substrate for >12 h at 600–700 8C followed by flash annealing at 1150–
1200 8C for approximately 60 s. This procedure results in the formation of
a Si ACHTUNGTRENNUNG(111)-787 surface, which was converted to the Ag�Si by sublimation
of Ag with the sample held at 500 8C.[27] The evaporation rates for each
R2–PTCDI were measured with a quartz crystal microbalance and, for
deposition of submonolayer coverages, crucible temperatures of 408 8C
for Br2–PTCDI and 340 8C for di(propylthio)–PTCDI were used. During
R2–PTCDI deposition, the sample was held at room temperature. Mel-
ACHTUNGTRENNUNGamine was evaporated from a cell placed in a separate chamber to avoid
cross-contamination. Images of the surface were acquired using a scan-
ning tunneling microscope (STM) operating in constant current mode at
room temperature. Electrochemically etched tungsten tips, cleaned prior
to use by electron beam heating, were used throughout.

Density functional calculations : Density functional calculations were per-
formed using established methodologies[36] within the DMol3 package.
See Supporting Information for more details.
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