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Nature repeatedly demonstrates exquisite control over the
molecular forces that underpin the very existence of life.
Inspired by nature, the synthetic introduction of specific
molecular interactions to guide the association of matter is an
overarching theme in current nanoscale materials and device
design.l' The technological and functional advantages of
using nanoscaled or molecular components in a variety of
devices has been recognized for decades.'-”) However, the
formation of functioning nanoscaled or molecular electronic
devices from nonbiological components began in the 1980s.

The formation of self-organized photogated transistors
from porphyrins in lipid bilayers is a key example,® 71 but the
obvious limitation is the stability of the system. With the
remarkable progress in the self-assembly of molecular com-
ponents into specific arrays and polymers, there are many
other recent examples of supramolecular species that are
proposed as components of nanoscaled devices.[5!1]

The methodologies used to create devices on the nano-
meter scale can be roughly categorized as those using
lithography (“top down”) or self-assembly (“bottom up”)
approaches, with each having advantages and limitations.
Certainly, self-assembly is claimed to be an important avenue
toward the manufacture of the next generation of nanoscaled
molecular materials, especially for use in photonic devi-
ces.2- 7111 But, there are several critical factors to be consid-
ered. Since the vast majority of molecular self-assembly
processes are carried out in solution and utilize relatively
weak intermolecular forces, can the desired products be
reliably deposited onto surfaces and still retain their intended
structure and function? Since the components of the self-
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assembled structures are organic or coordination compounds,
how stable are they electrochemically, thermally, and to
dioxygen? If self-assembled entities are to be used in large-
scale applications, an important, yet often unacknowledged
requirement is that highly pure molecular components or
building blocks must be readily synthesized on large scales in
high yields. Herein we report the self-assembly of porphyrinic
arrays and clusters that address these issues.

Specifically, we demonstrate hierarchical solution-phase
organization of self-assembled nonameric porphyrin arrays
into columnar stacks that are about 6.2 nm in diameter and
0.4 nm to about 10 nm tall. These heights correspond to stacks
of 1 to about 22 nonamers, and represent the self-organization
of 21 to about 460 particles, respectively, of four different
chemical types. The size of the aggregates is predetermined by
the choice of appended alkyl group, solvent, temperature,
porphyrin metalation, and an understanding of the secondary
organization kinetics. Moreover, these materials can be
deposited onto a variety of surfaces with high structural
fidelity, with the choice of surface chemistry affording an
additional modality for size selection. AFM and UV/Vis
analysis shows that once deposited on surfaces these struc-
tures are stable in air for more than a year at room
temperature, and retain their photophysical properties. Here-
in we present data for the hierarchical self-assembly of the
free-base porphyrins, and note that zinc porphyrin nonameric
arrays exhibit similar organizational properties. This approach
provides access to a wide variety of closed arrays, and defined
structures. Other approaches include liquid crystalline, and
polymeric porphyrin materials on surfaces,'>'4l and other
networks.[1 16]

Earlier, we reported the self-assembly and characterization
of a 21-component square-planar porphyrin nonamer.['’l The
predefined geometry of either the metallo or free-base
porphyrins as well as the coordination geometry of the
metal-ion linker—all in the correct stoichiometry—dictates
the final structure of the self-assembled arrays. In the case of
the nonamer, the 180° (trans) coordination geometry of the
12PdCl, species combines with four “L-shaped” porphy-
rins (3) that serve as the corners, four “T-shaped” porphy-
rins (2) that constitute the sides, and one “-+ -shaped” porphy-
rin (1) which resides in the center (Figure 1). We have since
found that the porphyrins may be metalated in situ—during
the self-assembly process—by the addition of nine equivalents
of one of several acetate salts of the first-row transition metals
to the mixture of nine porphyrins and 12[PdCl,Bn,]. This
process represents the self-assembly of a 30 component
system. The metalloporphyrin nonamers, where all the
porphyrins ligate the same transition metal (Fe!', Co", Ni'l,
or Zn") were characterized by the methods used previously.[']

UV/Vis studies on a series of porphyrin arrays and tapes
self-assembled by the same [PdCl,Bn,] species!'” ¥l reveal a
remarkable similarity in the formation kinetics under the
same conditions of concentration, solvent, and temperature.
The rate of formation of the much more complex 21-particle
nonameric array is only slightly slower than the formation of
the simple 3-particle dimer or 8-particle tetramer- all occur-
ring in less than 90 seconds (Table 1). This process is an
exquisite demonstration of the cooperative formation of
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a) 4"L"+4"T"+1"+"+ 12 [PdCl,(NCPh),] + 9 Zn(OAc),

Q=Pd O=zn*

R =tBu, Me, H

Figure 1. a) The self-assembly of a porphyrin nonameric array consisting of 30 particles is
followed by b) the self-organization of these nonamers into columnar aggregates that are about
6 nm in diameter and an average of 5nm in height. The size of these latter entities can be

directed by various means (see text).

Table 1. Formation kinetics of porphyrin arrays.

T1 [min] T2 [min]
nonamer 1.4 26
tetramer 1.2 23
dimer 0.9 14

thermodynamic products. The UV/Vis spectral evolution for
the arrays continues, revealing a second time constant on the
order of about 25 min for the nonamer. Dynamic and
resonance light scattering (DLS, RLS), coupled with AFM
experiments, reveal that this process is a secondary organ-
ization of these discrete self-assembled arrays into nanoscaled
aggregates.

A single nonamer array when R =¢Bu should be about
6.2 x 6.2 nm from ¢Bu to rBu and about 0.4 nm in thickness.
DLS of aggregates in solution and AFM of aggregates on glass
show that the final aggregate is about 6 =1 nm in diameter
and 2-10 nm tall. However, these experiments also suggest
that the aggregation process is dynamic, proceeding through
several intermediate stages. The initially formed kinetic
products are about 30 nm tall aggregates, and these then
dissociate and reorganize until the about 6 nm tall average
thermodynamic products are formed. Once removed from the
equilibrating solution by deposition on glass surfaces and
evaporation of the solvent, the particles are trapped in the
state of aggregation at the time. This procedure affords a time-
based selection of the average particle size to be deposited on
surfaces (Figure 2). UV/Vis and fluorescence spectra indicate
the about 6 nm tall aggregates of all four types of nonamer
(R=Me or tBu, and M = Zn?* or 2H") are thermally stable in
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toluene in air up to about 80 °C. After cooling
to 20°C, the DLS data on these samples are
identical to those before heating.

The energetics of the self-organization of
the columnar stacks of porphyrin nonamers
arises from the complex interplay between a
variety of intermolecular forces. The & stack-
ing of porphyrins to form face-to-face (H) or
edge-to-edge (J) aggregates is a well known

b) and understood phenomena.l'”) Electronic
] spectra indicate both types of arrangements

A are present in the columnar aggregates.[!'’]
N Under the conditions described herein how-

ever, neither solutions of individual porphy-
rins or a mixture of them, nor the palladium
complex, results in any discernible aggrega-
tion as shown by absorption and emission
spectra, DLS, or AFM. Estimates of mt-stack-
ing interactions are between 3 and
5 kcalmol™' per porphyrin face for meso-
tetraphenylporphyrin.'l ~ Since the aryl

groups are not coplanar with the porphyrin,
these substituents also sterically prevent ex-
act alignment of the two macrocycles. A
second internonamer interaction comes from
the PdCl, groups. The electrostatic and steric
interactions arising from the Pd** and the

Figure 2. Aliquots of the toluene solution used in the DLS experiments
were taken and deposited by syringe onto glass cover slips and the solvent
evaporated. After rinsing the samples with toluene, AFM images (10 pm X
10 pm images are light shaded to enhance contrast) were taken to confirm
the hypothesis that the formation of the nanoscaled aggregates of free-base
porphyrin nonamers (R=Me) is dynamic. a) After 5 min, about 30-nm-
high aggregates are first observed, followed by the observation b) of a
bimodal distribution of these and 100s of much smaller sub-10-nm-high
aggregates, and c) finally a uniform distribution of aggregates that are
about 6 nm in height on average. (Since the typical size of the AFM tip was
30-50 nm, all sizes referred to by AFM are the nonamer stack heights, as
the horizontal dimensions are a convolution of the tip and aggregate sizes).
The AFM results correspond remarkably well with the DLS results.

CI~ ions would tend to place the Cl~ ions from one nonamer
over the vacant axial positions of the Pd** ions of the adjacent
nonamer, over the pyrrole N—H group or in the case of the
metalloporphyrins over the zinc(i) center. The nature of R
(hydrogen, methyl, or tert-butyl), also influences the kinetics
and size of the hierarchical assembly. In general, the kinetics
are faster and the resultant columnar stacks are larger as one
goes from R=1rBu, to Me, to H, with average columnar
heights, determined by DLS, of 6 nm, 7 nm, 10 nm, respec-
tively. Though the exact geometry of the nanoscaled aggre-
gates is still under investigation, docking experiments suggest
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that one planar array may stack on top of another in either of
two ways: a) one is rotated 30-60° relative to the next or
b) one is diagonally offset by a little more than half the
diameter of a single porphyrin about 0.6 nm.

The size of the hierarchical stack formed on the surface may
also be explained in terms of the influence of surface
energetics on 7 stacking (Figure 3). AFM studies reveal that

Figure 3. The size of the columnar stack of free-base porphyrin nonamers
(R=1Bu) is also determined by the nature of the surface. a) Single
nonameric arrays are typically found on Au(111) surfaces (the insert shows
a single nonamer observed by STM), whereas larger aggregates are
observed on b) mica (& 5-8-nonamer-high stacks) and c) glass (~5-27-
nonamer-high stacks). The images also show the expected increase in the
surface density of the nonamers as the aggregates proceed from large stacks
on glass to predominantly individual nonamers on Au. All images
correspond to 1.15 pm x 1.15 um, with z scales of 14.2 nm (a), 3 nm (b),
and 11.9 nm (c). The insert in panel (a) corresponds to 16 nm x 14 nm with
a z scale of about 5 A, and was collected in constant current mode.

glass and mica surfaces favor absorption of nonamer aggre-
gates, while surfaces such as gold favor dislodging the
nonamer in contact with the surface from its parent nano-
scaled aggregate and resulting in high surface densities of
individual planar nonameric arrays on the gold surface.?% 2!l
Interestingly, when nonamers are adsorbed on thin Au films,
multi-supramolecular stacks (2—3 nonamers in height) pref-
erentially decorate defects and step edges, while on the
atomically flat terraces we find predominantly individual
nonamers. This result is most likely due to the local dipoles
formed by the Smoluchowski effect!l at step edges, pinning
the nonamers and adding an additional degree of polarization
that favors stacking.?” STM of nonamers on Au(111) clearly
show the individual arrays to be about 6 x 6 x 0.4 nm in size
(Figure 3 a inset).

Further studies are aimed at evaluating electron conduc-
tance of stacked arrays as a function of the number of
nonamers in the stacks, and as a function of light intensity. The

Table 2. Control of hierarchical self-assembly.

Average height [nm]

chemistry:

R=H 10£2
R=Me 7+1
R=1Bu 6+1
surface:

glass 6+2
mica 3+1
Au(111) 0.4 (single nonamer)
Au(111) edge 0.8+0.3
kinetics:

5 min (R =Me) 30+5

10 min 50+8

30 min 6t1
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detailed photonic properties of these aggregates are also
under investigation. The controlled formation of nanocrystals
and aggregates of inorganic,®?! organic,™ and hybrid
materials!'? 2271 such as those described here, is a key step
in the development of nanoscaled devices. The cooperative
formation of these hierarchical structures, by using both
specific and nonspecific interactions, imparts a high degree of
stability and control of size not found in most supramolecular
systems (Table 2).*!
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