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Abstract—The anionic H,TPPS porphyrin and its copper derivative, CaTPPS, form in aqueous solution hetero-aggregates with the
cationic H,T4 porphyrin and its copper derivative, CuT4. In the presence of poly-L-glutamate, at pH 4.0, a CD signal appears in the
Soret region of the spectrum, indicating that the polypeptide has induced chirality into the structure of the aggregates. These species
exhibit remarkable inertness due to the strength and number of the coulombic interactions between the anionic and the cationic
porphyrins. This property allows them to preserve the chiral structure, even when the matrix changes or loses its chiral conforma-
tion, demonstrating that these aggregates are capable of memorizing the chiral information. The remarkable properties of the title
systems may find various applications (chiral amplification, discrimination, and separation) that, on the other hand, require a more
strict control of the aggregate dimension. Here, we show that the central copper of these macrocycles is crucial for determining the

aggregate dimension.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Porphyrins are excellent building blocks to assemble
supramolecular architectures. Their excellent tuntable
spectroscopic properties have been, in fact, exploited
to design and develop a paramount number of porphy-
rin arrays potentially useful as sensors, opto-electronic
devices, antenna systems, models of metallo enzymes,
etc.! Basically, two approaches have been adopted to
synthesize these species: the covalent and non-covalent
methods. The latter is based on molecular recognition
processes leading to self-assembly of the single molecu-
lar components in a supramolecular complex species.
In particular, the hydrophobic nature of the water-solu-
ble porphyrin molecular surface allows it to easily drive
their homo- and hetero-aggregation in aqueous solution.
In fact, the presence of cationic or anionic peripheral
substituents renders these macrocycles water-soluble
but not hydrophilic. Therefore, partial or whole ‘neu-
tralization’ of peripheral charges leads to their self-ag-
gregation. Different factors (such as pH, number,
relative position, nature of the meso-substituents, etc.)
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can help porphyrin self-assembly adjust in an aqueous
solution. !b-1p.1s.12

Owing to the intrinsic ‘weakness’ of the non-covalent
interactions, the accuracy of this approach in terms of
sequence and stoichiometry of the final species is poorer
than that achieved by covalent syntheses and could even
lead to a mixture of species derived from the coexistence
of different chemical equilibria. The approach common-
ly used to bypass these limitations exploits a network of
weak interactions whose cooperativity increases both
the thermodynamic and kinetic stability of the designed
non-covalent species. In most cases, the structure (se-
quence, stoichiometry, chirality, etc.) of the molecules
designed and synthesized in this way is under hierarchic
control: that is, the structure of the final product is reg-
ulated by a time-dependent specific sequence of chemical
events (addition of reagents, pH changes, time evolution
of the species)' that leads to a major or a unique final
product. If, during one of these synthetic steps, a chiral
reagent is introduced, the final complex could then dis-
play chirality at a supramolecular level. In some cases,
kinetic inertia of the chiral supramolecular complex
could lead to the so-called ‘memory’ phenomenon.!

We have recently published that, in the presence
of ‘polymeric®> chiral templates, aggregation of the
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Figure 1. Schematic structures of H,T4, CuT4, H,TPPS, and CuTPPS.

tetra-anionic meso-tetrakis(4-sulfonatophenyl)porphine
(H,TPPS, Fig. 1) with the copper(Il) derivative of the
tetra-cationic meso-tetrakis(4-N-methylpyridyl)porphine
(CuT4, Fig. 1) leads to chiral porphyrin assemblies that
are capable of memorizing the template chirality. This
phenomenon is mainly on account of kinetic inertia of
the supramolecular porphyrin assemblies, which are sta-
bilized by a network of net electrostatic contacts along
with other non-covalent interactions.

We present here a study on the aggregation of cation-
ic and anionic free bases with cationic or anionic cop-
per derivatives (Fig. 1), both in the presence and
absence of poly-L-glutamate. The aim of this study
is to understand the role played by non-covalent inter-
actions other than the electrostatic ones. We chose to
employ only the free-base and copper derivatives be-
cause, as already published,? penta- or hexa-coordinat-
ed porphyrins or planar metallo-derivatives bearing a
positive charge in the inner core (as the gold(IIl)
derivatives) lead to the formation of supramolecular
species for which the chiral memory phenomenon does
not take place.

Comprehension of the forces involved in this phenome-
non is of importance because it helps in designing the
best species for the various possible technological appli-
cations that range from resolution of racemates to
amplification of nanomolar concentrations of chiral
analytes.! The latter two applications require, in fact,
different properties. Incorporation of the aggregates into
a membrane that is able to undergo chiral discrimina-
tion requires, in fact, small aggregates to effect their uni-
form dispersion into the membrane. On the other hand,
chiral amplification is effected by the formation of big
aggregates, as because the exciton coupling between a
high number of chromophores should give rise to more
intense signals.
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2. Experimental

Poly-L-glutamate sodium salt (mean degree of polymeri-
zation 95) was purchased from Sigma—Aldrich. meso-
Tetrakis(4- N-methylpyridyl)porphine, H,T4, and meso-
tetrakis(4-sulfonatophenyl)porphine, H,TPPS, were ob-
tained from Mid-Century Chemicals as chloride and
sodium salts, respectively. Porphyrin metallation was
performed by following literature methods. Absorbance
and circular dichroism (CD) data on monomeric porphy-
rins and their aggregates are given in Table 1. The forma-

Table 1. Spectroscopic properties of monomeric porphyrins and their
aggregates in water at pH 4 in the absence and in the presence of poly-
L-glutamate (Glu)

Porphyrins Absorption (nm) CD (Amax; A&
U ¢ M em™))* (M~'em™)°
H,TPPS 434 (4.86 x 10°) No CD
H,T4 422 (2.26 x 10%) No CD
CuT4 424 (2.31 x 10°) No CD
CuTPPS 412 (4.16 x 10%) No CD
H,T4-H,TPPS 434 (1.06 x 10°) No CD
CuT4-H,TPPS 433 (1.58 x 10%) No CD
H,T4-CuTPPS 413 (1.67 x 10°) No CD
CuT4-CuTPPS 410 (2.10 x 10%) No CD
Glu-H,T4-H,TPPS 434 (1.72 x 10%) 445 nm (+148)
496 nm (—97)

Glu-CuT4-H,TPPS 432 (2.27 x 10%) 422 nm (+98)

442 nm (—320)

416 nm (+24)
429 nm (—143)

406 nm (+14)
424 nm (~18)

#For the various porphyrin couples ¢ has been calculated considering
the couple itself as chemical unit.

® For the various porphyrin couples A has been calculated considering
the couple itself as chemical unit.

Glu-H,T4-CuTPPS 413 (2.26 x 10%)

Glu-CuT4-CuTPPS 411 (2.22 x 10%)
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tion of porphyrin assemblies is obtained by the addition
of equimolar amounts of the two macrocycles because
stoichiometry of aggregates has already been determined
to be 1:1 (cationic:anionic porphyrin).> Resonance light
scattering (RLS) measurements were recorded on a Flu-
orolog3, absorption measurements on a Cary 500, and
circular dichroism measurements on a Jasco J-810. All
the experiments were carried out using 1 cm optic path
quartz cuvettes and ultrapure water (Milli Q-RG system)
was used throughout the experiments. No buffer was
used; the pH of the solution was adjusted with H,SO,4
and NaOH. The various ternary complexes were formed
(if not differently specified) by adding to a 200 uM poly-
glutamate solution at pH 4.0 the cationic (4 pM) and the
anionic (4 pM) porphyrin, respectively.

3. Results and discussion

Before presenting and discussing the experimental data,
it is necessary to discuss some of the chemico-physical
properties of the single components and of the
aggregates.

3.1. Porphyrins and polyglutamic acid

Under the experimental conditions used in this work
(pH 4.0), all porphyrins are monomeric.* The reason
to work at this pH value is related to the different con-
formations that polyglutamate adopts at acid or basic
pH values. Polyglutamic (pK, ~ 4.5) is, in fact, known
to adopt an a-helical conformation only when partially
protonated, that is, for pH values lower than about
5.0. Deprotonation of the side carboxylic groups drives
the conformational transition to random coil.

3.2. Porphyrin assemblies

The formation of porphyrin assemblies is reported by
variation of the absorption and emission spectral prop-
erties. In particular, aggregation leads to quite an exten-
sive hypochromism of the Soret band (Table 1) and to a
relevant or, often, almost complete quenching of the
porphyrin emission. Porphyrin aggregation is also
accompanied by the appearance of a signal in the reso-
nance light scattering (RLS) spectrum. This technique
has been proposed by Pasternack et al. as a powerful
tool to detect the formation of aggregates and is partic-
ularly useful to investigate the formation of homo- and
hetero-aggregates of porphyrins.® In particular, porphy-
rin aggregation leads to the appearance of intense RLS
signals when the transition dipole moments are coupled
to give a macroscopic dipole.

The formation of porphyrin assemblies in solution al-
ready containing polyglutamic acid at pH 4.0 leads to
quite an intense induced circular dichroism (ICD) signal
in the Soret region (Table 1). Only in those experimental
conditions (pH < pK,) polyglutamic is able to induce
chirality onto the porphyrin aggregates. The title por-
phyrins, in fact, are not chiral, and induction of chirality
can be observed only on their interaction with a chiral
template.

The data reported in Figure 2 show the impact of poly-
peptide conformation on the ICD in the Soret region.
When H,T4 (4 uM) and H,TPPS (4 uM) are added to
an aqueous solution of polyglutamic acid (200 uM) at
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Figure 2. CD spectrum of the porphyrin aggregate formed on adding
H2T4 and H,TPPS to a polyglutamate aqueous solution (curve a) at
pH 4.0 (a-helical conformation) and (curve b) at pH 10.0 (random-coil
conformation).
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Figure 3. CD spectrum of the porphyrin aggregate formed on adding
H,T4 and H,TPPS to a polyglutamate aqueous solution at pH 4.0
(curve a) and after a pH-jump to pH 10.0 (curve b).
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Figure 4. CD spectrum of the H,T4-H,TPPS aggregate at pH 4 (red

curve) and of the same solution after the addition of polyglutamate
(black curve).
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pH 4.0 (a-helical conformation, spectrum a), the CD
spectrum shows quite an intense and bisignate signal
in the Soret region that reports the formation of chiral
porphyrin aggregates. On the contrary, addition of the
two porphyrins to a polyglutamate solution at pH 10.0
(random coil, spectrum b) does not lead to any ICD in
the Soret region. Also, porphyrin interaction with
poly-D-glutamate induces a CD spectrum, which is a
mirror image of that shown in Figure 2 (not shown).
These observations demonstrate the fact that aggregates
borrow their chirality from the template. It is worth not-
ing that the helical-coil conformational transition of the
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Figure 5. RLS spectra of the various porphyrin aggregates.

Figure 6. Structure of the CuT4 ‘polymeric’ structure.

polypeptide is underlined by the disappearance of the
helical marker bands at 208 and 222 nm, and the
appearance of a positive band at about 217 nm.

Another remarkable feature of this system is shown in
Figure 3, showing the CD spectra of chiral H,T4-
H,TPPS aggregates built on polyglutamic before (curve
a) and after (curve b) a pH variation from 4.0 to 10.0.
Following the pH-jump, polyglutamate ao-helix is dis-
rupted to give a random-coil conformation (as under-
lined in the UV region of the CD spectrum). On the
contrary, the ICD of porphyrin aggregates remains
mostly unaffected, showing that the matrix structure
plays only a templating role. Once the aggregate is
formed, its inertness (mainly due to the extended net-
work of columbic interactions between the anionic and
cationic macrocycles) permits it to retain (memorize)
the chiral information. The crucial importance of the
inertness of the aggregate in determining the memory
process is also confirmed by the incapability of the chiral
matrix to affect the porphyrin aggregate structure after
its formation. That is, the addition of polyglutamate
to an ‘amorphous’ porphyrin aggregate solution at pH
4.0 does not determine the appearance of any ICD sig-
nal even after several days (Fig. 4).

All the other systems follow the same trend but are not
described here for the sake of simplicity (Table 1). The
only significantly different behavior was found out for
the CuT4-CuTPPS system. This species exhibits the
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remarkable inertness and the chiral memory phenome-
non presented by the other porphyrin aggregates, but
its CD (Table 1) and RLS (Fig. 5) signals are consider-
ably smaller then those exhibited by the other porphyrin
couples (H,T4-H,TPPS, CuT4-H,TPPS, and H,T4-
CuTPPS). These findings suggest to us that the title
aggregate is sensibly smaller than the others.

We have recently shown that CuT4 forms, in the solid
state, a polymeric arrangement that is characterized by
a remarkable distortion of the pilled porphyrin macrocy-
cles.” This distortion is caused by the n-like interactions
between the peripheral pyrrole C,—Cy, ‘double bond’ and
the metal center (Fig. 6). We hypothesize that similar rel-
evant distortions are also present in the CuT4-CuTPPS
aggregate, hindering the formation of extended porphyrin
assemblies. Moreover, literature data® suggest that distor-
tion caused by the central metal affects the attractive inter-
actions between adjacent porphyrins. Aggregates in
which only one (or no) copper porphyrin derivative is in-
volved are less affected by the macrocycle distortions and,
then, may form larger assemblies. Our hypothesis is cor-
roborated by the RLS data (Fig. 5).

4. Conclusion

The study of the aggregation behavior of the reported
systems confirms that net electrostatic interactions (i)
constitute the driving force of the self-assembly process
and (ii) lead, thanks to their large number and strength,
to the formation of inert ensembles. Kinetic inertia,
then, turns out to be crucial in determining the memory
phenomenon. Finally, the aggregation process is affected
by other non-covalent interactions as well. In particular,
the central copper ion does not play a trivial role; in fact,
it is able to affect the assembly dimension. This finding
may turn out to be useful to modulate the aggregate size,
whose control is crucial for the possible application of
these systems.
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