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Abstract: The synthesis and self-assem-
bly behaviour of porphyrin dodecamers
1H, and Zn-1, which consist of twelve
porphyrins that are covalently attached
to a central aromatic core, is described.
According to STM, 1D and 2D NMR
studies, and molecular modelling calcu-
lations, the porphyrin dodecamers have
a yo-yo-shaped structure. Their large n

like shape, allows them to form self-as-
sembled structures, which in the case
of Zn-1 can be tuned by adding biden-
tate ligands. The self-assembly of the
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molecules at the liquid-solid interface
of 1-phenyloctane with highly oriented
pyrolytic graphite or Au(111) was
imaged by using STM. The porphyrin
disks in the self-assembled arrays have
an edge-on orientation on the surface.
The addition of bidentate axial ligands
to the Zn-1 molecules in the arrays
allows their intermolecular distance to

surface, in combination with their disk-

Introduction

In recent years the design and construction of multi-chromo-
phoric arrays has become very popular in the field of supra-
molecular chemistry with many potential applications in ma-
terials science.!! Arranging chromophores in an ordered
fashion enables the construction of new materials that can
exhibit unique photophysical and (opto)electronic proper-
ties as a result of excitonic interactions between adjacent
dye units.”! By using the structure of a natural light-harvest-
ing system as a blueprint,®! many studies have been dedicat-
ed to constructing artificial highly ordered porphyrin
arrays' with the ultimate goal of creating devices that can
efficiently capture light. To achieve this goal, an efficient in-
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be precisely controlled.

teraction between the porphyrin molecules is required. This
interaction can be achieved by connecting a large number of
porphyrins by means of covalent bonds."!

Another, perhaps more attractive, approach is to use non-
covalent interactions, for example, hydrogen bonding,®
metal-ligand coordination,”! solvophobic®® and surface ef-
fects,”! to construct ordered porphyrin arrays. Such an ap-
proach leads to the thermodynamically most stable structure
and has the possibility of spontaneous self-repair. In the
case of porphyrin self-assembly, metal-axial ligand interac-
tions are an attractive construction tool because this type of
interaction is highly directional and strong enough to gener-
ate stable structures, but still allows rearrangements and
self-repair to take place. The affinity to bind one or more li-
gands strongly depends on the nature of the central metal in
the porphyrin. Zinc—porphyrins (ZnPs) have been widely
used to probe the binding characteristics of metalloporphyr-
ins with ligands because they can be readily studied by both
UV-visible and NMR spectroscopies. In general, ZnPs are
pentacoordinate, and thus, bind nitrogen-containing ligands
exclusively to one face of the porphyrin, which simplifies
their coordination behaviour when compared with other
metalloporphyrins, such as manganese, tin or iron porphyr-
ins, which can bind axial ligands to both faces. Interesting li-
gands are those that are bidentate or multivalent because
they can coordinate in between two ZnPs and impose a spe-
cific geometry onto the resulting complex, thereby also in-
fluencing communication between the porphyrins. Bidentate
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ligands, such as 1,4-diaza[2,2,2]bicyclooctane (DABCO) or
4 4'-bipyridine (BIPY), have been used to construct “ladder
complexes” from linear™ or cyclic!! porphyrin oligomers.
Some of these structures display interesting non-linear opti-
cal properties.'

In this paper we describe the synthesis and physical prop-
erties of giant disk-like porphyrin arrays, namely, porphyrin
dodecamers 1H, and Zn-1,""! which have two parallel faces
of six porphyrins, each of which can be addressed individual-
ly by the coordination of axial ligands. The self-assembly of
the dodecamers at liquid-solid interfaces has been studied
at the submolecular level by means of scanning tunnelling
microscopy (STM), and we have shown that by coordinating
bidentate ligands to Zn-1 the distance between the porphy-
rin molecules on the surface can be precisely controlled.
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is the fact that only the dodecamer and no lower molecular
weight oligomers are formed as reaction products. The mac-
romolecule could be easily separated from its precursors by
size-exclusion column chromatography. Zinc dodecamer
Zn-1 was obtained in 86% yield after metallation of 1H,
with zinc acetate dihydrate. MALDI-TOF (1H,: m/z
14896 amu; Zn-1: m/z 15712 amu), gel permeation chroma-
tography (GPC) and elemental analysis confirmed the iden-
tity and purity of both compounds.

When compared with the spectrum of precursor porphyrin
2. the resonances in the 'HNMR spectrum of 1H,
(500 MHz, CDCl,) are severely broadened (Figure 1c). The
increased complexity of the spectrum further indicates a
considerable level of dissymmetry in the molecule. With the
help of extensive 1D and 2D NMR studies, in combination
with molecular modelling calculations, the three-dimension-

1H, M=2H
Zn-1M=2n

Results and Discussion

Synthesis and characterisation: Porphyrin dodecamer 1H,
was synthesised from monohydroxy-substituted porphyrin 2
and extended aromatic core 3al'¥ in a yield of 55%, which
is remarkably high for a 12-fold substitution reaction
(Scheme 1). This high yield suggests that during the alkyla-
tion reaction a significant templating effect occurs in which
the coupling of a porphyrin molecule to the core is favoured
when other porphyrin moieties are already attached. Such a
templating effect can be understood by taking into account
the fact that the porphyrin moieties within the dodecamer
are in close proximity and exert m—m stacking interactions
during the coupling reactions.'¥ In favour of this mechanism
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al structure of 1H, could be determined (Figure la). The
porphyrin dodecamer is proposed to adopt a unique yo-yo-
like shape in which two disks that each contain six porphy-
rin moieties are stacked in an offset geometry to provide
the molecule with an extended, flat 7t surface with a diame-
ter of 38 and a thickness of 8 A. The proposed geometry is
based on several observations in the 'H NMR spectrum of
1H,. In the 'HNMR spectrum of 2 (Figure 1c (top)), the
proton signals of the three peripheral (two cis and one
trans) porphyrin meso-phenyl substituents are found at the
same chemical shifts (as AX quartets) and also the signals
of the cis- and trans-OCH, groups resonate at the same
chemical shift (as a sharp triplet), whereas in the spectrum
of 1H, (Figure 1c (bottom)) they all become inequivalent
and much broader. This inequivalency is further expressed
by the signal for the f-pyrrole protons, which is a singlet in
the spectrum of 2, but has split into four broad signals in the
spectrum of 1H,. The signals for the protons of the cis-sub-
stituents showed large upfield shifts, which indicated their

7949

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

J. A. A. W. Elemans, A. E. Rowan et al.

A EUROPEAN JOURNAL

a) top view
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tive 3b!"* (Table 1), which indi-
cates that they are situated in
the deshielding zone of the por-
phyrin. In the 2D NOESY spec-
trum of 1H,, NOE contacts
were observed between all of

8 the porphyrin (-pyrrolic/pyrrole

NH protons and the cis-phenyl-

sitieviawe OCH, protons, however, NOE
00012"'25) contacts between the porphyrin

Qei 23 1 98 25 B-pyrrolic/pyrrole NH protons
core \ Y OO-=——00Cuts/ ¢ and the trans-phenyl-OCH,

phenyl

I

e

phenyl linker

trans-phenyl
Ey protons were not observed,

which confirms that the cis-
phenyl substituents are very
close to the centre of an adja-
cent porphyrin  (Figure 1b).
Based on the observed shifts in
% the NMR spectrum and the

I

7N \
Hﬁ H4 H25 H1B"H32

A

NOE contacts, the geometry of
1H, was calculated by molecu-
lar modelling. (Figure la and
b). The 'HNMR and
2D NOESY spectra of Zn-1
did not differ significantly from
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Figure 1. a) Top and side view of a molecular model of 1H, based on results from NMR studies. The alkyl tails
have been omitted for clarity. b) Top and schematic side view of part of the molecule of 1H, highlighting the
protons that are most relevant to the NMR studies. c) "H NMR spectra of 2 (top) and 1H, (bottom) in CDCl,.
The arrows indicate the most prominent shifts going from 2 to 1H,. Proton numbering is shown in Figure 1b.

Table 1. '"H NMR chemical shifts [ppm] of 3b, 2 and 1H, and Ad values
[ppm] between signals in the spectra of 1H, and their reference com-
pounds. !

Proton!®! 3bl 2 1H, A6

core H, 6.70 7.59 +0.89
core H, 6.61 8.04 +1.43
benzyl H, 3.99 53 +1.31
phenyl linker H, 6.86 7.2 +0.34
phenyl linker H; 791 8.0 +0.09
cis-phenyl H, 7.14 5.9 —1.24
cis-phenyl Hg 6.4 —0.74
cis-phenyl Hy 8.01 7.0 -1.01
cis-phenyl H; 8.01 74 —0.61
trans-phenyl Hg 7.17 72 +0.03
trans-phenyl Hy 8.04 8.0 —0.04
cis-OCH, Hyg 4.11 2.7 —1.43
cis-OCH, Hs, 411 32 -0.91
trans-OCH, H,s 4.13 4.22 +0.09

[a] In CDCl;, 500 MHz. [b] For proton numbering see Figure 1b. [c] See
ref. [13].

strong shielding by a nearby porphyrin plane (Table 1). In
contrast to these upfield shifts, the proton signals of the link-
ing meso-phenyl ring shifted downfield. The same is true for
the proton signals of the benzylic linkers and the aromatic
core compared with these signals in dodecamethoxy deriva-
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those of 1H,. UV-visible spec-
troscopy in chloroform only re-
vealed an overall broadening,
but not a shift of the Soret ab-
sorption of 1H, and Zn-1 when
compared with their monomer-
ic analogues, which suggests
that there is a rather weak elec-
tronic communication between the porphyrin moieties.
Upon diluting solutions of 1H, and Zn-1 in CDCl; or
[Dg]toluene from 107 to 10°m~', no significant changes
were observed in their '"H NMR spectra. In addition, both
the Soret and Q absorption bands of the compounds in the
UV-visible spectra in CHCIl; or toluene followed Lambert—
Beer behaviour upon varying their concentration from 5 x
107 to 8x107*m~". The combined 'H NMR and UV-visible
spectral behaviour indicates that over the concentration
range of ~107-10°m™! no significant aggregation of the
porphyrin dodecamers occurs.!™!

Self-assembly at solid-liquid interfaces: The adsorption of
1H, and Zn-1 from solution to the surface of highly orient-
ed pyrolytic graphite (HOPG) was investigated by using
scanning tunnelling microscopy (STM). Because of the pres-
ence of 36 C,,-alkyl group side chains on each dodecamer, it
was expected that the lateral intermolecular interaction of
these chains and their interactions with the hydrophobic
HOPG substrate would drive the molecules to form well-or-
dered monolayer assemblies.'” Indeed, immediately after
the deposition of a drop of a concentrated solution of 1H, in
1-phenyloctane (1.0 mg in 50 pL, [1H,]=1.3 mm) on a fresh-
ly cleaved HOPG (0001) surface, STM images showed the
evolution of domains, with a size of several hundreds of
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nanometers, of lamellar arrays of molecules (Figure 2a).
During the initial scans the STM topographies were rather
fuzzy, apparently owing to dynamic adsorption and re-disso-

Figure 2. STM constant current images of 1H, (in all cases /=1 pA,
Viias= —225 mV). a) Large domain of columnar stacks at the 1-phenyloc-
tane-HOPG interface. b) Two domains oriented at angle of 120°. ¢) Mag-
nification of the stacks to show their segmented structure. The rectangle
drawn on the image is proposed to contain one molecule of 1H.,.
d) Fibre-like arrays of 1H, at the 1-phenyloctane-Au(111) interface. Note
that the fibres are not interrupted by the clearly visible surface steps.

lution of the molecules or a “liquid” state of the layer, but
after approximately 30 min large domains of 1H, had
formed that remained stable for hours during repeated scan-
ning at a sufficiently low tunnelling current (~1 pA).'” The
domains of arrays of 1H, were oriented under angles of ap-
proximately 120°, which indicates that the molecules are
commensurate with the hexagonal symmetry of the underly-
ing graphite surface (Figure 2b). Apart from some defects,
most of the lamellae in the 2D assembly were positioned at
an equal distance of (43+1) A with a width of (34+1) A
for the bright stripes within the lamellar pattern, which is in
accordance with the diameter of the aromatic surface of the
computer modelled structure of 1H, (see Figure 1a). The
dark parts between the stripes are probably occupied by the
alkyl chains and are unresolved."® Close examination of a
magnification of the lamellae revealed that they contain a
segmented fine structure (Figure 2¢). The observed distances
are in full agreement with an arrangement of the molecules
of 1H, orthogonal to the surface in an edge-on orienta-
tion."”! The ability of electron tunnelling to occur through a
layer that is more than 5 nm in thickness highlights the re-
markable conductivity of the molecules. The periodicity of
the segments in the lamellae, as determined from the STM
profiles, is (6.340.3) A. This distance is too small to incor-
porate one edge-on oriented molecule of 1H, because its
calculated thickness is 8 A. Therefore, we propose that each
segment comprises one half of the double disk of a dodeca-

Chem. Eur. J. 2007, 13, 7948 -7956

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

mer, that is, two segments constitute one dodecamer mole-
cule (namely, the black and grey halves of one molecule
shown in Figure 1a).

The self-assembly behaviour of 1H, was also investigated
at the interface of 1-phenyloctane and Au(111). Fibre-like
aggregates were observed, which were oriented in more or
less parallel directions (Figure 2d). The apparent width of
the fibres (ca. 7-9 nm) was not well-defined, and in several
cases it was observed that several fibres combined to form
thicker structures. It is also proposed that within these fibre-
like aggregates the molecules of 1H, are oriented in an
edge-on geometry to the surface. On Au(111), the affinity of
the aggregates to the surface seems to be much weaker than
on HOPG, which is indicated by a less well-defined align-
ment of the lamellae on Au(111), whereas the surface lattice
is expressed in the direction of the aggregates on HOPG.
Such behaviour is expected because alkyl chains are gener-
ally commensurate with HOPG, but not with Au(111) surfa-
ces. Within the lamellaec on Au(111) no molecular resolution
could be observed, however, the interaction between the
molecules of 1H, must still be quite strong because the
fibre-like aggregates continue over surface steps without
being interrupted.

To our surprise, Zn-1 did not form stable adlayers at the
interface of 1-phenyloctane and HOPG (1.0 mg in 50 pL,
[Zn-1]=1.3 mm).?" Apparently, the intermolecular m—m
stacking interactions between the porphyrin surfaces of Zn-
1 are not as strong as those between the aromatic surfaces
of 1H,. This difference is attributed to the fact that the zinc
ion within a porphyrin molecule always requires an axial
ligand. We tentatively propose that these axial ligands (e.g.,
water molecules present in the solvent) are coordinated to
the zinc ions at the exterior of Zn-1, and thus inhibit, or at
least diminish, favourable edge-on packing of the molecules
in a stable 2D assembly.

Tuning the assemblies by axial-ligand binding: We investi-
gated the possibility of inducing self-assembly of Zn-1 by
the addition of bidentate N-donor axial ligands. These li-
gands generally bind several orders of magnitude more
strongly to ZnPs than water molecules, and hence, they are
expected to expel the latter. In addition, their bidentate
nature enables them to act as linkers between the molecules
of Zn-1, which forces the assembly process in the direction
of stable columnar arrays. Indeed, whereas the deposition of
a droplet of pure Zn-1 in 1-phenyloctane on an HOPG sur-
face did not afford stable 2D assemblies, the addition of
excess (~10equiv) of DABCO to the solution resulted in
the instantaneous formation of large domains of very stable
lamellae of the complex, which were limited only by the
HOPG domain size (Figure 3a). The coordination com-
plexes®?! are arranged in similar columnar stacks as those
observed for 1H,, one difference is that the disk-like seg-
ments of the molecules of Zn-1 in the complex are posi-
tioned at a slightly larger distance than those of 1H, (i.e.,
8.2+0.3 instead of 6.3 A). In addition, the internal submo-
lecular structure within the lamellae differed significantly
from that observed for 1H,. The bright stripes of the
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Figure 3. STM constant current images of the complex between Zn-1 and
DABCO (in both cases /=1 pA, Vy;,;=—225mV) showing an overview
of a large domain (a) and a magnification of the columnar stacks (b),
which shows dumbbell-like moieties within the stack that are proposed to
correspond to a single porphyrin within the dodecamer. c) The intramo-
lecular binding mode of DABCO in which six DABCO ligands bind
within the two disk-like moieties of Zn-1 in a sandwich-like manner.
d) The intermolecular binding mode of DABCO in which the DABCO li-
gands connect two molecules of Zn-1. It is proposed that within the por-
phyrin dodecamer stacks both modes of ligand binding occur, or that for
the STM images an average between the two modes is imaged. STM con-
stant current images of the complex between Zn-1 and BIPY (in both
cases [=1pA, Vi,s=—180 mV) that show e) a domain of the complex in
which the yo-yo-like shape of Zn-1 can be clearly recognised, and f) a
magnification that shows the six oval spots in each molecule of Zn-1 that
are proposed to correspond to six porphyrins in the dodecamer. g) Sche-
matic representation of the structure of the complex with six molecules
of BIPY bridging two molecules of Zn-1.

DABCO-linked arrays, which consist of the aromatic parts
of the molecules, are clearly built up from highly resolved,
dumbbell-like moieties that are flanked by much more
vague segments (Figure 3b). The dumbbell-like moieties
have dimensions that correspond to the size of one porphy-
rin molecule that is imaged at its edge. It is proposed that
this very high resolution is caused by the fact that the
DABCO ligands bridge the ZnPs and freeze their conforma-
tions. As all dumbbell-like moieties are observed at an iden-
tical distance, it is believed that DABCO can bind both in-
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tramolecularly, that is, in a sandwich-like geometry, between
the two disks of one molecule of Zn-1 (Figure 3c) and inter-
molecularly between two adjacent molecules (Figure 3d).
The intramolecular, sandwich-like binding mode could be
demonstrated by using UV-visible spectroscopy. Upon the
addition of DABCO to a solution of Zn-1 (2x107"m) in
chloroform, the Soret band sharpened and shifted from 424
to 427 nm, which is indicative of a coordination process (Fig-
ure 4a). The presence of clear isosbestic points in both the
Soret and Q-band regions indicated that during the addition
of the ligand only one distinct DABCO:Zn-1 complex is
formed. The titration curve levelled off after the addition of
about six equivalents of the ligand (Figure 4c), which is a
strong indication for the formation of a well-defined 6:1
complex between DABCO and Zn-1 in which the six
DABCO ligands are incorporated between the two porphy-
rin disks that constitute one dodecamer molecule. Assuming
that non-cooperative binding of the six DABCO ligands be-
tween the two disks comprising one Zn-1 molecule occurs
(although this is probably a simplification), the UV-visible
titration curve could be fitted to an association constant of
K,=2x10'M™" per ZnP-DABCO-ZnP unit, which high-
lights a strong sandwich-like binding mode. For entropic rea-
sons, intermolecular coordination in which DABCO ligands
bridge two or more Zn-1 molecules is not expected at sub-
micromolar concentrations. In a tightly packed monolayer at
a liquid-solid interface, however, the concentration is much
higher and intermolecular coordination of DABCO is also
expected to occur. It can also be expected that at this inter-
face association and dissociation of DABCO within the
arrays is fast on the STM scanning timescale, therefore, it is
possible that as a result an average between the two binding
modes is observed. On the other hand, the simultaneous oc-
currence of both intra- and intermolecular binding modes
within the porphyrin dodecamer stacks is equally possible.
As the addition of DABCO to Zn-1 resulted in an in-
crease in the distance between the porphyrin disks, the pos-
sibility that such metal-ligand coordination could be gener-
ally applied to control the surface self-assembly of the mole-
cules was investigated. Instead of DABCO (N-N distance
2.6 A), 44-bipyridine (BIPY, N-N-distance 7.2 A) was
added to a solution of Zn-1 in 1-phenyloctane. Molecular
modelling studies indicated that this larger ligand cannot be
bound to Zn-1 in the sandwich-like geometry that was ob-
served for the binding of DABCO. To investigate the bind-
ing behaviour of BIPY, UV-visible spectra were recorded of
a solution of Zn-1 (2x107"m) in chloroform to which the
ligand was added. Upon its addition, the Soret band shifted
from 424 to 428 nm and sharpened somewhat (Figure 4b),
but the spectral changes were far less pronounced than
those observed in the titration of Zn-1 with DABCO. In ad-
dition, no well-defined isosbestic points were observed in
the Soret band region. The titration curve levelled off after
the addition of ~12 equivalents of BIPY (Figure 4d) in con-
trast to only 6 for DABCO, which clearly indicates that no
sandwich complexes are being formed and that the ligands
bind independently to the 12 ZnPs of the dodecamer. From
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Figure 4. UV/Vis titrations of Zn-1 with bidentate ligands (in CHCl;, 296 K). a) Changes in the UV/Vis spectrum upon the addition of DABCO to Zn-1.
b) Changes in the UV/Vis spectrum upon the addition of BIPY to Zn-1. c¢) Titration curve following the absorption at 428 nm and a schematic image of
the proposed 1:6 sandwich-like complex between Zn-1 and DABCO. d) Titration curve following the absorption at 426 nm and a schematic image of the
proposed 1:12 complex in which the BIPY ligands bind independently to the porphyrin moieties of Zn-1.

the UV-visible titration curve no reliable association con-
stant could be determined.

Imaging the metal-ligand complex at the liquid-solid in-
terface of 1-phenyloctane and HOPG appeared to be highly
dependent on the stoichiometry of the components. More
specifically, only the application of a Zn-1/BIPY ratio of 1:6
resulted in the observation of domains, albeit relatively
small (<100x 100 nm?), of stable monolayers of the coordi-
nation complex.?! Individual edge-on molecules of Zn-1
could be discerned, and their proposed yo-yo-like shape
could now be clearly distinguished (Figure 3e). The centres
of the molecules of Zn-1 were at an average mutual dis-
tance of (28+2) A, with the two disk-like segments of one
dodecamer stacked together closely. Close examination of
the segments revealed that within each of them three oval
spots were present that are proposed to correspond to the
three porphyrin moieties in the top half of a disk imaged
from above (Figure 3f). These observations corroborate the
expectation that the BIPY ligands exclusively bind intermo-
lecularly and act as linkers between the dodecamer mole-
cules to rigidify their conformation at the surface, which is
shown by their increased submolecular resolution (Fig-
ure 3g). As in the case of the complex of Zn-1 with
DABCO, the ligands themselves could not be imaged by
STM probably owing to their dynamic association and disso-
ciation with the surface.
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Conclusion

We have demonstrated that large cyclic porphyrin arrays
can be synthesised in a relatively high yield. We have been
able to visualise these giant, disk-like molecules in extended
edge-on oriented arrays at the interfaces of 1-phenyloctane
with HOPG or Au(111). The distance between the porphy-
rin disks could be controlled by the addition of bidentate co-
ordinating axial ligands that control the supramolecular ar-
chitecture formed by metal-ligand interactions. Such a pre-
cise and unique control over surface organisation, as well as
its characterisation by visualisation with STM, is essential
for future applications of these porphyrin assemblies. Cur-
rent research is focused on manipulating the porphyrin do-
decamers further either by adding other coordinating li-
gands, for example, chiral ligands that can induce chirality
into the arrays, or by replacing the Zn" ions by Mn™, Cu"
or Pt" ions, which can provide the molecules and self-assem-
bled arrays with magnetic, photophysical and catalytic prop-
erties.

Experimental Section

DMF was stored over BaO for 7 d and distilled under reduced pressure.
CH,Cl, and CHCIl; were distilled from CaH,. All commercial chemicals
were used as received. TLC analysis was performed by using Merck
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60F,s, silica plates. Merck silica gel 60H and Acros silica gel 60 were
used for column chromatography and BioRad BioBeads SX-1 were used
for size-exclusion chromatography. NMR spectra were recorded by using
Bruker DPX200, AC300, FDRX500 and Varian Inova400 instruments.
UV/Vis spectra were measured by using a Varian Cary 50 Conc spectro-
photometer at ambient temperature and MALDI-TOF spectra were
measured by using a Bruker Biflex III spectrometer in the linear mode.
Samples for MALDI-TOF analysis were prepared by mixing 10 uL of
dilute solutions (a107°m) of the porphyrin derivatives in chloroform
with equal amounts of a matrix solution (dithranol; 20 mgmL™) in
chloroform and depositing 3 uL droplets of the mixture on the sample
plate. GPC measurements were performed by using a Shimadzu HPLC
system equipped with a PL gel 5 um guard column and a PL gel 5 um
mixed D column (Polymer Laboratories) with differential refractive
index (38°C) and UV (423 nm) detection by using THF as an eluent with
a flow of 1 mLmin~' at T=35°C. Elemental analyses were measured by
using a Carbo Erba EA 1108 instrument. Molecular modelling calcula-
tions were performed on a Silicon Graphics Indigo IT work station by
using the CHARMm force field.”

UV/Vis titrations: The first stock solution of Zn-1 was prepared by dis-
solving a known amount of this molecule in distilled chloroform. This so-
lution was used as the solvent for the second stock solution in which the
ligand molecule was present. The amount of ligand originally weighed
was calculated so that the second stock solution contained the ligand in a
known excess with respect to Zn-1. Aliquots of the second stock solution
were added to a measured amount of the first stock solution. The UV/
Vis spectra were recorded immediately after mixing and the measured
absorbance was plotted versus the calculated value for the number of
equivalents of ligand added.

Scanning tunnelling microscopy: STM measurements were carried out in
the constant current mode by using a homemade low-current scanning
tunnelling microscope. HOPG surfaces were freshly cleaved, and Au-
(111) surfaces were prepared by the epitaxial growth of a gold film
(thickness 100-200 nm) on freshly cleaved mica, at a pressure of &5x
1077 mbar, after which the films were annealed at 200-300°C for at least
2h at ~5x10® mbar. STM tips were mechanically cut from a Pt/Ir
(80:20) wire. A drop of an almost saturated solution of the compounds
or their complexes in 1-phenyloctane (in all cases 1 mg of 1H, or Zn-1 in
50 uL of 1-phenyloctane) was brought onto the surface. Typically, an
STM image (1024 linesx 1024 points) was recorded over a period of
10 min. All STM experiments were carried out at least in duplicate and
the raw data were processed only by the application of a background flat-
tening. Before and after the experiments the piezo element was calibrat-
ed in situ by lowering the bias voltage to 100 mV and raising the tunnel-
ling current to 50 pA, which allowed imaging of the HOPG surface un-
derneath the molecules.

p-Dodecoxybenzaldehyde: p-Hydroxybenzaldehyde (14.2 g, 116 mmol)
and 1-bromododecane (46.7 g, 188 mmol) were dissolved in DMF
(75 mL). K,CO; (50 g, 0.36 mol) was added and the reaction mixture was
heated at reflux for 16 h. After cooling and filtration, the solution was
concentrated and the product was purified by recrystallisation from ice
cold methanol to give the product as a white solid (20 g, 59%). '"H NMR
(200 MHz, CDCl;): 6 =9.88 (s, 1 H; CHO), 7.83 (d, *J(H,H) =8.8 Hz, 2H;
o-ArH), 6.99 (d, J(H,H)=8.8 Hz, 2H; m-ArH), 4.04 (t, *J(HH)=
6.5 Hz, 2H; OCH, H8), 1.82 (quintet, *J(H,H)=7.8 Hz, 2H; OCH,CH,),
1.27 (br m, 14H; CH,), 1.03 (d, *J(H,H) =5.4 Hz, 2H; CH,CH,CHj,), 1.01
(d, *J(H,H)=5.4 Hz, 2H; CH,CH,), 0.88 ppm (t, *J(H,H)=6.5Hz, 3H;
CH;); MS (EI): m/z: 290 [M*]; elemental analysis caled (%) for
C,oH30,: C 78.57, H 10.41; found: C 78.35, H 10.65.

5-(p-Hydroxyphenyl)-10,15,20-tris-(p-dodecoxyphenyl))porphyrin (2):
Pyrrole (5.45 g, 81 mmol) was added to a mixture of p-hydroxybenzalde-
hyde (2.46g, 202mmol) and p-dodecoxybenzaldehyde (17.4¢,
60.0 mmol) in propionic acid (250 mL) and heated at reflux. After heat-
ing at reflux for 1.5 h under an N, atmosphere, the solvent was evaporat-
ed and the residue was purified by column chromatography (eluent:
CH,Cl,). The second fraction was collected to give 2 as a purple solid
(1.6 g,7%). '"HNMR (400 MHz, CDCl;): 6=8.83 (m, B-pyrrole, H10-17;
8H), 8.04 (d, *J(H,H)=8.7 Hz, 6H; o-ArH HS, 7, 9), 7.98 (d, *J(H,H)=
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8.7 Hz, 6H; o-ArH H3), 7.20 (d, >/(H,H)=8.7 Hz, 6H; m-ArH H4, 6, 8),
7.03 (d, 3J(H,H)=8.4 Hz, 2H; m-ArH H2), 4.18 (t, *J(H,H)=6.5 Hz, 6H;
OCH,), 1.95 (quintet, *J(H,H)=6.2 Hz, 6 H; OCH,CH,), 1.60 (quintet, *J-
(H,H)=7.5Hz, 6H; OCH,CH,CH,), 1.30 (m, 48H; CH,), 0.89 (t, *J-
(H,H)=6.6 Hz, 9H; CH,), —2.75 ppm (s, 2H; NH); *C NMR (75 MHz,
CDCly): =158.9 (COR cis, trans), 155.2 (COH), 135.6 (C3), 134.7 (C9),
134.4 (C5, 7), 131 (C10-17), 119.9 (C2), 113.5 (C8), 112.7 (C4, 6), 68.3
(OCH,), 32.0 (OCH,CH,), 29.8 (CH,), 29.71 (CH,), 29.69 (CH,), 29.6
(CH,), 29.5 (CH,), 29.4 (CH,), 263 (CH,), 22.7 (CH,), 14.2 ppm (CH,);
MS (FAB): m/z: 1183 [M+H]"; elemental analysis caled (%) for
CyHuN,O,: C 81.17, H 8.69, N 4.73; found: C, 81.36, H 8.47, N 4.75.

Porphyrin dodecamer 1H,: Hexakis([3,5-bis(bromomethyl)phenyl]ben-
zene 3al™ (10.7 mg, 6.53 umol) was added to a solution of 2 (180 mg,
152 pmol) in distiled DMF (10 mL). For 1.5h nitrogen was passed
through the solution. The solution was heated to 90°C and K,CO,
(133 mg, 961 umol) was added. The reaction mixture was heated to
130°C and stirred for 3 d, after which the reaction was stopped and the
DMF was removed in vacuo. The product was purified by column chro-
matography and subsequently by size-exclusion column chromatography
(eluent: CH,CL,) to give 1H, as a purple solid (53 mg, 3.59 umol, 55%).
M.p. 127°C; '"HNMR (500 MHz, CDCl,, for proton numbering see
graphic): 0=8.75 (brs, 24H; H17, H10), 8.7 (brs, 24H; H14, H13), 8.6
(brs, 24H; H15-16), 8.4 (brs, 24H; H12, H11), 8.03 (brs, 6H; Hc), 8.0
(brd, 48H; H9, H3), 7.59 (brs, 12H; Ha), 7.4 (brs, 24H; H7), 7.2 (brd,
48H, H8; H2), 7.0 (brs, 24H; HS5), 6.4 (brs, 24H; H6), 5.9 (brs, 24H;
H4), 5.3 (brs, 24H; Hb), 4.22 (brt, 24H; H25), 3.2 (brs, 24H; H32), 2.7
(brt, 24 H; H18), 1.99 (brquartet, 24 H; H26), 1.63 (brs, 24H; H27), 1.5
0.0 (brs, 192H; H28-30), 1.5-0.0 (brs, 240H; H33-H37), 1.5-0.0 (brs,
240H; H19-23), 0.9-0.8 (brt, 36 H; H24), 0.87 (brt, 36 H; H31), 0.87 (brt,
36H; H38), —2.78 ppm (brs, 24 H; H1); *C NMR (75 MHz, CDCL,): 6 =
136 (C9, C3), 135 (C7), 134 (CS5), 129.0 (Cc), 128.2 (Ca), 113 (C2), 112.6
(C8), 111 (Co), 110 (C4), 70.6 (Cb), 68.3 (C25), 67.9 (C32), 67.4 (C18),
32.0 (C36, C29, C22), 29.8 (C26), 29.7 (C35, C28, C21), 26.8 (C27), 26.5
(€33, C20, C19), 26 (C34), 23.0 (C37, C30, C23), 14.1 ppm (C38, C31,
C24); UV/Vis (CHCL): A, (log €): 423 (6.6), 520 (5.3), 558 (5.2), 595
(4.8), 653 nm (4.9m 'ecm™'); MS (MALDI-TOF): m/z: 14896; elemental
analysis calcd (%) for Cjo4Hi554N4O45: C 81.83, H 8.49, N 4.52; found: C
81.73, H 8.46, N 4.65.

ZnP dodecamer Zn-1: To a solution of 1H, (0.012 g, 0.81 umol) in
chloroform (10 mL) and methanol (5mL) zinc(Il) acetate dihydrate
(0.017 g, 75.6 umol) was added. The solution was refluxed for 16 h. After
cooling, the solution was washed with water (3x). The solvent was evapo-
rated and the product was purified on a silica column (size 0.035 mm-

18 19 20 21 22 23 24
OCH,CH,CH,(CH,),CH,CH,CH,

98 2526 27 28 20 30 31
O OCH,CH,CH,(CH,),CH,CH,CH,

32 33 34 35 36 37 38
OCH,CH,CH,(CH,),CH,CH,CH,
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0.070 mm, pore size 6 nm, eluent: 1% methanol and 1% triethylamine in
chloroform). Yield: 11 mg (0.70 umol, 86 %) of Zn-1 as a purple solid.
M.p. 129°C; '"HNMR (500 MHz, CDCl;): 6=38.7 (brs, 48H; H17, H10,
H14, H13), 8.6 (brs, 24H; H15-16), 8.4 (brs, 24H; H11-12), 7.99 (brs,
6H; Hc), 7.97 (brd, 48H; H9, H3), 7.62 (brs, 12H; Ha), 7.51 (brs, 24H;
H7), 7.23 (brd, 24H; H2), 7.22 (brd, 24H; H8), 7.16 (brs, 24H; H5), 6.5
(brs, 24H; H6), 6.1 (brs, 24H; H4); 5.3 (brs, 24H; Hb), 4.24 (brt, 24H;
H25), 3.4 (brt, 24H; H32), 3.0 (brt, 24H; H18), 1.98 (brquartet, 24H;
H26), 1.67 (brs, 24H; H27), 1.5-0.0 (brs, 192H; H30, H29, H28), 1.5-0.0
(brs, 240H; H33-H37), 1.5-0.0 (brs, 240H; H23-H19), 0.87 ppm (brt,
108 H; H38, H31, H24); ®C NMR (75 MHz, CDCl,): 6=135 (C9, C3, C7,
C5), 132 (Cc), 120 (Ca), 113 (C2), 112.5 (C8), 112 (C6, C4), 68.3 (Cb),
68.0-67.4 (C25, C32, C18), 31.9 (C36, C29, C22), 29.6 (C26), 29.4 (C35,
C28, C21), 26.3 (C27), 26.0 (C33, C20, C19, C34), 22.7 (C37, C30, C23),
14.1 ppm (C38, C31, C24); UV/Vis (CHCL): 4, (log ¢): 424 (6.7), 522
(5.6), 580nm (5.1m'ecm™'); MS (MALDI-TOF): m/z: 15644 (calcd
15712); elemental analysis (%) calcd for C,g,H;530N43045Zny,: C 77.85, H
7.92, N 4.30; found: C 77.68, H 8.22, N 4.16.
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