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ABSTRACT

Carefully designed porphyrin building blocks assemble through selective imidazole binding in various solvents to form linear multiporphyrin
objects. From a dynamicmixture ofmonomers, dimers, and oligomers, linear objects were observed on a highly oriented pyrolitic graphite (HOPG)
surface. On the surface, the objects’ morphology clearly depended on the solvent used for deposition and was modified upon heating.

Geometrically controlled self-assembly of molecular
building blocks into nanostructures offers great potential
for the design of nanomaterials due to the potential ease of
processing for their integration in devices, especially in the
form of molecular wires.1 Among candidates as photo- or
electroactive building blocks, tetrapyrrolic macrocycles
in general, and porphyrins in particular, are especially
attractive.2 As a result, many aspects of porphyrin self-
assemblies have been investigated over the past decade.3 In
general, self-assembly offers two tremendous advantages,
which are a simplified synthetic approach and an increased
availability of the building blocks. Noncovalent assembly

has been successfully used, especially with stacked tetra-
pyrrolic macrocycles that form J-aggregates.4 Such aggre-
gation is a natural tendency that can be reinforced by
electrostatic interactions5 or tuned by solvent6 and/or
thermal7 conditions. Both the exocyclic coordination of
metal templates8 or the axial coordination to a centralmetal
core9 have also led to multiple self-organized assemblies of
porphyrins.
We recently described the efficient formation of multi-

porphyrinwires usinghighlydirected imidazole recognition
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in phenanthroline-strapped porphyrin scaffolds.10,11 The
general design of the self-complementary self-assembling
building blocks represented in Figure 1 comprises a 2-
imidazolyl group connected to a phenanthroline-strapped
zinc porphyrin as a recognition unit. For compounds 3Zn
and 4Zn, the nature of the assembly can be controlled by
choosing the appropriate surface (Figure 1). A hydrophilic
surface forced the entropy governed thermodynamic self-
assembly of dimers until precipitation of clusters on the
surface, whereas a hydrophobic surface trapped the build-
ing blocks that could further assemble into linear wires.

This versatile behavior of the porphyrin monomers
demonstrated that weak surface�molecule interactions
can perturb an established assembly process in solution.
Thus, we anticipated that small structural changes would
favor the growth of porphyrin coordination polymers on
the surface. Shorter alkyl side chains should increase the
mobility of the species on the surface. The design, synthe-
sis, and preliminary self-assembly properties on HOPG
are described for two new monomers, 1Zn and 2Zn
(Figure 1).
In these new phenanthroline-strapped porphyrin mono-

mers, a short ethynyl, rather than a phenylethynyl moiety,
bridges the imidazole and the porphyrin ring. Previous
1H NMR NOESY experiments on self-assembled dyads
incorporating an ethynyl linker established that steric
hindrance between the phenanthroline-strapped zinc por-
phyrin receptor and an imidazolyl-ethynyl porphyrin guest

reduced its association constant.12 Thus, we reasoned
that if the association constant was lower, then surface�
molecule interactions might predominate and conse-
quently facilitate the surface-induced formation of longer
linear oligomers. The C8 and C18 alkyl chains were chosen
to provide different degrees ofmobility to the 1Zn and 2Zn
monomers on the deposition surface. As previously dem-
onstrated, upon deposition on HOPG, compounds bear-
ing long alkyl chains correspond to less mobile species13

and, in the present work, should lead to shortened wires.

The 2-ethynylimidazole 6 was prepared by treating
the commercially available aldehyde 5 with Bestman’s
reagent14 to afford a 1/1 mixture of 615 and starting
material 5, respectively (Scheme 1). Compound 7H2 was
synthesized in the same manner as previously reported for
8H2.

10Copper-free Sonogashira coupling16 of unpurified 6
with 7H2 or 8H2 in the presence Pd2(dba)3 and AsPh3 in
a mixture of NEt3/THF (3:7) at 60 �C for 1 h afforded the
imidazolyl-ethynylporphyrins 1H2 or 2H2, respectively,
in 80�85% yield.
The characterization of 1H2 and 2H2 was easily per-

formed by conventional methods, whereas that of the
corresponding self-associating zinc complexes 1Zn and
2Zn was significantly more difficult. After reaction of
1H2 or 2H2 in the presence of a large excess of zinc acetate,
mass spectrometry confirmed the quantitative metalation

Figure 1. General structure of porphyrin-imidazole building
blocks (top) and their two possible assembling modes (bottom).
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of the porphyrin nuclei of 1Zn and 2Zn. However, their
1H NMR spectra in CDCl3 showed broad signals, as seen
in Figure 2 for 2Zn. These ill-defined spectra were attributed
to the presence of multiple species in dynamic exchange.
A very complicated spectrum was obtained at 298 K in
C2D2Cl4 and variable temperature (VT) experiments in-
dicated a dynamic mixture of species (see Supporting
Information), precluding any peak assignment.

To destabilize assembled species and favor monomeric
species, 1H NMR spectra were recorded in pyridine-d5 for
1Zn. In the initial NMR experiment, one species was
observed in pyridine-d5; however, after the sample was
heatedat 353K for 4days and cooled to 298K,a second set
of peaks appeared (Figure 2). Heating a sample at 353 K
for 8 days afforded the spectrum of an isolated species of
the 1Zn monomer, most probably bound to the solvent.
These features emphasize the extremely slow kinetics of
exchange between the oligomer, dimer, and monomer in
noncoordinating solvents.
Several DOSY NMR experiments were recorded for

1Zn in pyridine-d5 at different stages of heating (see
Supporting Information) and at different concentrations.
Before 1Zn was heated in pyridine-d5, the single species
observedhas a hydrodynamic radius of 3379 Å3. After 1Zn
was heated at 353K for 8 days, another single species, with
a smaller hydrodynamic radius of 1730 Å3, was detected
in the solution. This smaller species was considered to
be the monomer, possibly with a pyridine coordinated
to the zinc center. DOSY experiments were tried in
C2D4Cl4 to estimate the size of the species in the dynamic
mixture in a noncoordinating solvent. Unfortunately,

these experiments were unsuccessful due to the poor
resolution of the spectrum, which was similar to that
obtained in CDCl3 (see Figure 2).
Thus, a short ethynyl linker between the imidazole and

the porphyrin renders the association of two building
blocks via imidazole binding on the zinc less selective for
the formation of dimeric species. This is consistent with the
steric repulsion upon binding of the imidazole within the
phenanthroline strap of a secondmolecule. In contrast, for
the longer phenylethynyl linkers, the association equilib-
rium in aprotic solvents involves exclusively monomeric
and dimeric species.10,11 In the present case, the difficulties
encountered in the characterization of a single species in a
chlorinated solution seemed encouraging, as it strongly
suggested that ill-defined larger species, which were differ-
ent than soluble dimers, were formed.
The initial goal was to decrease the dimer association

to increase the role of the surface during deposition of
compounds 1Zn and 2Zn. Preliminary AFM imaging
experiments suggested the presence of assembled linear
species in solution prior to deposition on a surface. HOPG
was selected as a substrate for deposition because it was
used previously for surface-induced formation of oligo-
meric species.10 In addition,HOPG is fully appropriate for
developing interactions with the side chains of 1Zn and
2Zn. A first set of studies quickly indicated that in con-
centrated solutions randomaggregation strongly competed
with organized self-assembly (Supporting Information).
Our attention then focused on less inert solvents, and
Figure 3 summarizes several AFM experiments performed
using weakly and strongly coordinating solvents.
A first set of experimentswas performed by drop-casting

micromolar THF solutions of 1Zn and 2Zn onto HOPG.
The very short linear species observed (Figure 3a and d)
were identified as objects formed in solution, given the
inertness of the assemblies in solvents other than pyridine
as indicated by NMR experiments. The heights of the
objects (2.7 ( 0.5 nm) are more consistent with the
presence of two linear species17 on top of each other. In
that case, the linear oligomers forming the top layer must
come from an association that also takes place in solution.
Their length can be shorter due to solubility limitations
during the drop-casting of the solution onto the surface,
and thus only partial overlap is seen (brightest contrast in
Figure 3a and d). This behavior is almost identical to that
observed in noncoordinating solvents such as CHCl3 (see
Supporting Information). In both cases, the objects ob-
served on the HOPG surface correspond to a distribution
of oligomers trapped by the interactions of alkyl chains
with the lipophilicHOPGsurface.Basedon themobility of
the alkyl-substituted porphyrins on HOPG, the expected
growth of the drop-casted objects was observed for both
C8 and C18 after annealing at 60 �C (see Supporting
Information). All other experiments were performed with
10�3 M monomer solutions that were obtained after

Figure 2. Comparison of 1H NMR spectra of 2Zn in a non-
coordinating (top) or strongly coordinating solvent. (The rest of
the spectra are less informative due to the presence of pyridine
peaks. Full spectra and VT experiments are provided in the
Supporting Information.)

(17) The height of a monomer, from the porphyrin ring to the top of
the phenanthroline strap, was estimated to be 1.25 nm based on
molecular modeling.10
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refluxing in pyridine for 4�8 days. These solutions were
then diluted (10 μM) in a given solvent to allow the system
to slowly evolve again toward oligomeric species.
The presence of the bulky coordinating pyridine on the

unhindered side of the zinc porphyrin, which is the side
meant to develop interactions with the surface, controls
the formation of coordination oligomers. The coordina-
tion of pyridine to the zinc atom is weaker than that of
imidazole;18 thus solvent evaporation facilitates the

assembly process. The evolution of the dilute solution
deposited on the surface was followed over time by AFM
imaging. Only short molecular tapes (100�300 nm), but
longer than those observed from CHCl3 and THF, were
formed from the pyridine solution that was heated for
4 days.With theNMRdata taken into account, this solution
could be a mixture of monomers and dimers, although
monomeric forms should be highly favored at low con-
centrations (>10�6 M). However, heating in pyridine for
8 days enhanced the dissociation to monomers, and the
slow self-assembly from the monomer state allowed the
growth of longermolecular wires (600�900 nm), which are
elongated from small droplets. These droplets, formed
during the dewetting on the surface, possibly consist
of amorphous monomer aggregates (see Supporting
Information). Although the width of the objects appears
different for 1Zn and 2Zn (Figure 3c and f) conclusions
cannot be drawn about the morphology of each assembly
because of the broadening effect of theAFMtip.However,
it would be expected that C18 side chains promote the
bundling of individual wires to a larger extent than C8 side
chains. In any case, the shorter alkyl chains seemed to
generate the longer objects. This observation is in agree-
ment with previous reports.10 These linear objects are
among the straightest reported for an assembly process
based on a single coordination bond and a hydrogen bond.
In conclusion, shortening the spacer between the por-

phyrin ring and the imidazole significantly perturbs the
initially entropy-governed assembly process in solution.
Conduction measurements after transfer to a dielectric
surface are in progress as well as detailed thermodynamic
and kinetic studies to determine the best solvent conditions
for the formation of linear porphyrin arrays.
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Figure 3. AFM images of solutions drop-casted on HOPG. Left
(a�c): C8 (1Zn); right (d�f): C18 (2Zn); (a, d): THF solutions;
(b, e): refluxed in pyridine for 4 days (b, e) or 8 days (c, f) then
diluted to 10 μM in CH2Cl2.
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