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ABSTRACT

We report the synthesis and characterization of a novel supramolecular assembly that features long-range electronic coupling between porphyrins
covalently attached to a designed peptide scaffold. The resulting construct self-assembles to form extended organized aggregates in which
the porphyrins engage in exciton coupling.

This report constitutes the first part of a more comprehensive
study of the use of peptides as scaffolds for the formation
of organized porphyrin arrays. One of our goals is to control
the structure and electronic properties of the assembly by
manipulation of the spacing between the porphyrins along a
peptide chain. To this end, we report the synthesis and
characterization of a novel supramolecular assembly that
features long-range electronic coupling between porphyrins
covalently attached to a designed peptide scaffold. Our sys-
tem shows potential as an important building block for the
construction of photonic nanodevices that mimic photosyn-
thetic light-harvesting complexes from plants and bacteria.1

Our approach to the synthesis of light-harvesting materials
is inspired by biological systems and is guided further by

the desire to exert control over the extent of electronic
coupling between the pigments. In naturally occurring
photosynthetic light-harvesting complexes, biopolymer scaf-
folds hold pigments at intermolecular distances that optimize
electronic coupling, photon capture, and energy transfer.2

Porphyrins, similar in structure to the naturally occurring
(bacterio)chlorophyll pigments but more amenable to syn-
thetic manipulations, have been used extensively in the
design of artificial photosynthetic systems.3 Examples consist
of (metallo)porphyrins complexed to a variety of biopoly-
mers, including homopolypeptides,4 helix bundles,5 den-
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drimers,6 and DNA.7 In a study by Arai et al.8 a tetraphe-
nylporphyrin moiety was attached via a cysteine residue to
a penta- or a heptapeptide sequence to furnish monoporphy-
rin-linked assemblies. These constructs were shown to
aggregate but gave rise toâ-sheets that displayed relatively
complex spectral properties indicative of heterogeneity.
Systems consisting of porphyrins covalently attached to
nonpeptidic scaffolds have also been used to examine the
distance and angle dependence of energy and electron
transfer.9

This study reports the first example of a short diporphyrin-
linked peptide sequence that self-assembles in a “Lego-like”
fashion to yield extended porphyrin arrays with properties
that can be controlled by concentration, temperature, and
pH.10 By adjusting the temperature, the growth of the
aggregate can be monitored over time.

In our design, 5-(p-aminophenyl)-10,15,20-triphenylpor-
phine, is covalently attached via an amide coupling reaction
to each of the two Glu side-chains of the decapeptide
CH3CONH-(Asn-Ala-Glu-Ala-Ser-Ala-Glu-Ser-Ala-Tyr)-
CONH2 to furnish a diporphyrin-derivatized peptide,1. The
sequence consists predominantly of helix-promoting residues,
Ala and Glu. Ser was incorporated for solubility and a
C-terminal Tyr for concentration determination purposes. The
Glu residues are separated by three residues in the sequence,
i, i + 4, thus positioning the porphyrins on the same face.
Figure 1 shows CD spectra of1 dissolved in trifluoroethanol,

TFE, and incubated at 4°C. Over time, a conservative,
negative couplet develops in the 350-500 nm region, the
Soret region, of the porphyrin electronic spectrum, with a
positive peak at 436 nm and a negative peak at 455 nm.

The simplicity of the spectrum indicates the presence of
one major species, and the signal’s strength and band shape

are indicative of extensive electronic communication between
a large number of porphyrin moieties.11 The free porphyrin,
P, does not yield a signal in the Soret region of the CD
spectrum (data not shown). The formation of the extended
porphyrin array is temperature dependent: an increase in
incubation temperature increases the rate of aggregation. A
red precipitate, triggered by bringing a TFE solution of1
from pH 4 to 7, immediately forms at 25°C (Supporting
Information). We also investigated the UV-visible absorp-
tion and fluorescence properties ofP and 1. The free
porphyrin, P, forms dimers in TFE at pH 6.6, with the
monomer and dimer showing Soret bands at 416 and 411
nm, respectively.12 The blue-shift of the Soret band upon
dimerization suggests a cofacial arrangement of the chro-
mophores in the dimer.13 The Soret-excited fluorescence
spectrum of monomericP in TFE at pH 6.6 has bands at
600, 648, and 702 nm. The fluorescence excitation spectra
indicate that the 600 nm emission band is associated with
the monomeric form of P, whereas the 648/702 nm emission
bands are associated with the dimeric form ofP (Supporting
Information).

Figure 2 shows the absorption and fluorescence spectra
of 1 after incubation in TFE for 43 days at 4°C over a range

of pH values. At pH 8.01, the absorption spectrum (Figure
2a) shows a split Soret band with a strong peak at 408 nm
and a weaker peak at 440 nm. At pH 6.37 (Figure 2b), the
split Soret region consists of two strong components at 408
and 449 nm. The same sample shows fluorescence emission
bands at 600 and 670 nm.14 The fluorescence excitation
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Figure 2. UV-visible absorption spectrum of a 15µM solution
of 1 in TFE after 43 days of incubation at 4°C at (Soret band
positions are noted in parentheses) (a) pH 8.01 (408 and 440 nm),
(b) pH 6.37 (408 and 449 nm), and (c) pH 2.01 (420 nm). The
inset shows the fluorescence excitation spectra of the solution from
spectrum b monitored at (excitation band maxima are noted in
parentheses) (d) 670 nm (404 nm) and (e) 600 nm (418 nm).

Figure 1. CD spectra of a 15µM solution of1 in TFE after storage
at 4°C and pH 7 for (a, d) 4 days, (b) 27 days, and (c, e) 101 days.
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spectra are shown in the inset of Figure 2. The emission
features at 600 (Figure 2d) and 670 nm (Figure 2e) are
associated with the absorption bands at 418 and 404 nm,
respectively. As an excitation feature is not observed at 449
nm, the data also indicate that the species giving rise to the
449 nm absorption band is not fluorescent.

At pH 2.01, the Soret band is broad with a maximum at
420 nm (Figure 2c). The fluorescence emission spectrum
shows a band at 700 nm, which is associated with a peak in
the fluorescence excitation spectrum at 437 nm. Samples
incubated at this pH did not show CD features in the Soret
region.

When considered together, the CD, UV-vis absorption,
and fluorescence data of1 in TFE at 4 °C indicate that
samples incubated at pH 2.01 do not form extended por-
phyrin aggregates. At higher pH values, a band at 440-449
nm can be assigned to a nonfluorescent species, which likely
also gives rise to the strong conservative CD feature observed
in Figure 1c. Because large chromophore aggregates tend
to be nonfluorescent,15 we assign this absorption to an
organized extended aggregate formed by close interactions
between porphyrins on different1 subunits. The red-shifted
Soret band (440-449 nm), relative to that of monomericP
(416 nm), suggests a J-aggregate, in which the porphyrins
are organized edge-to-edge.14 When compared with the
spectral data forP, the signals present at 404 and 409 nm in
the UV-vis spectrum of1 may represent a dimeric and a
monomeric form of1, respectively.

The peptide scaffold is essential for1 aggregation to occur,
as the free porphyrin,P, only forms dimers in TFE solution.

Interestingly, the peptide region (190-250 nm) of the CD
spectrum of1 incubated at 4°C (Figure 1d), displays features
characteristic of significant secondary structure. After 4 days
of incubation, the positive band at 192 nm and the two
negative bands at 209 and 222 nm are consistent with an
R-helical peptide structure. Thus, the interactions between
the porphyrin moieties appear to organize the peptide into a
helix, consistent with the model shown in the graphic in the
Abstract. Changes in the peptide region occur over time, and
Figure 1e shows that incubation of1 at 4°C over more than
100 days leads to an overall reduction in intensity of all three
peaks and a loss in intensity of the 209 nm band with respect
to the 222 nm band. The signal band shape is typical of that
seen for moderately aggregated helical spectra in which the
spectral changes are consistent with light scattering effects
brought about by aggregation.16 CD spectra taken at higher
temperatures, in which aggregation is faster, show less light
scattering effects, and the two minima at 209 and 222 nm,
characteristic ofR-helical peptides, are more pronounced
(data not shown).

We have demonstrated that a short diporphyrin-decapep-
tide complex forms organized extended chromophore arrays.
The process is optimal at pH 6-8 in which the rate of
aggregation accelerates with increasing temperature. In all,
our approach should be useful for the construction of novel
biomaterials, including conducting nanowires.
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