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Abstract: The interaction between the achiral sulfonated porphyrin 5,10,15,20-tetrakis(4-sulfonato-
phenyl)porphyrin, H,TPPS,*~, and two chiral cationic surfactants has been studied by optical absorption,
fluorescence, and circular dichroism (CD) spectroscopies. At surfactant concentrations above the critical
micellar concentration (cmc) the porphyrin is included in the micellar aggregates, but it is CD silent. Below
the cmc at a definite porphyrin/surfactant stoichiometry the formation of heteroaggregates with transfer of
chirality to the porphyrin chromophore occurs. The preferred surfactant/porphyrin stoichiometry is 3:1, which
suggests a structure driven by electrostatic and hydrophobic interactions between porphyrin and surfactant
and dipolar and ionic interactions with the water solution. At surfactant concentrations above the cmc,
depending on the protocol of preparation of the samples, the formation of the two kinds of aggregates can
be observed, reversible for the simple surfactant micelles incorporating the porphyrin, but irreversible for

the heteroaggregates.

Introduction

Chirality is observed in nature at different levels of complex-
ity, from molecules to the macroscopic level of biological
systems, such as snails, flowers, and twining vines.! Most chiral
species are present in nature only in one of the enantiomeric
forms; at molecular level, for example, racemic mixtures of
biomolecules and biopolymers are excluded to form part of the
basic processes that define life. Fundamental discussions on this
suggest that the biological homochirality could be a consequence
of the atom “homochirality” arising from the violation of the
parity of the electroweak force.” Independently from this basic
issue, there are the pure chemical topics of the transfer of
chirality and of the chiral amplification in the building of
biological complex systems from simple molecules. The study
of transfer of chirality in the self-assembly of hierarchical
supramolecular associates can give basic knowledge on this.?

The transfer and amplification of chirality has been studied
on chiral porphyrins.* Achiral porphyrins have been used to
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detect chirality by the formation of heteroassociates with chiral
compounds™® or by the formation, in spontaneous symmetry-
breaking processes, of chiral homoassociates whose chiral sign
is determined by the influence of weak chiral polarizations.>®!
In fact, porphyrins are some of the most powerful and versatile
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probes to gain information on the structure and on the chirality
of the systems where they are embedded.*””’

Here we report on the formation of different kinds of ag-
gregates formed by the tetrasodium salt of the achiral water-
soluble 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin, H,
TPPS,*~, with chiral cationic surfactants: the enantiomers of
N,N-dimethyl-N-(1-phenylethyl)hexadecan-1-ammonium bro-
mide, 1a and 1b, and (1S,25)-N-(2-hydroxy-1-methyl-2-phe-
nylethyl)-N,N-dimethylhexadecan-1-ammonium bromide, 2 (Chart
1). The methodology used was based on the porphyrin chro-
mophore as target of absorption (UV—vis and circular dichro-
ism) and emission spectroscopy.

It is known that the interaction of porphyrins with surfactants
can give different systems depending upon the [surfactant]/
[porphyrin] ratio and the nature of the two species.® At high
[surfactant]/[porphyrin] ratios the inclusion of monomeric
porphyrin in surfactant micellar aggregates is generally observed,
whereas at low ratios the formation of so-called premicellar
surfactant—porphyrin aggregates is observed.®" However, to
the best of our knowledge, studies on the interaction between
achiral anionic porphyrins and chiral cationic surfactants have
not been reported. The investigation of these systems might give
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insights into the mechanisms of transfer of the chiral information
from the molecular level to the nanoscale level of polymolecular
aggregates.

Materials and Methods

The tetrasodium salt of 5,10,15,20-tetrakis(4-sulfonatophenyl)por-
phyrin H,TPPS,*~ (NajH,TPPS;) was prepared as previously
reported.’

(S)- and (R)-N,N-Dimethyl-N-(1-phenylethyl)hexadecan-1-am-
monium bromide (1a and 1b) were prepared according to a reported
procedure.'® "H NMR, 6 (CDCl;): 0.833 (t, CH3, 3H, J = 6.5 Hz),
1.249 (m, CH, chain, 26H), 1.783 (m, CH,, 2H), 1.830 (d, CHs,
3H,J=17.1 Hz), 3.160 (s, CH3, 3H), 3.200 (s, CH3, 3 H), 3.470 (t,
CH,, 2H, J = 7.1 Hz), 5.389 (q, CH, 1H J = 7.1 Hz), 7.38—7.47
(m, ar, 3H), 7.620 (m, ar, 2H).

(18,25)-N-(2-Hydroxy- 1-methyl-2-phenylethyl)-N,N-dimethyl-
hexadecan-1-ammonium bromide, 2, was prepared according to a
reported procedure.'® "H NMR, 6 (CDOD3): 0.894 (t, CH3, 3H, J
= 6.7 Hz), 1.090 (d, CH3, 3H, J = 6.7 Hz), 1.289 (m, CH; chain,
26H), 1.800 (m, CH,, 1H), 1.943 (m, CH,, 1H), 3.220 (s, CH3,
3H), 3.292 (s, CH3, 3H), 3.525 (m, N*CH,, 1H), 3.732 (m, N*CH,,
1H), 3.911 (m, CH, 1H), 4.910 (d, CH, 1H, J = 9.9 Hz), 7.33—7.48
(m, ar, 5H).

(R)-N.N,N-Trimethyl-1-phenylethanammonium bromide, 3, was
prepared as follows. An amount of 228 mg of CH3l (1.6 mmol)
was added to a solution of 130 mg (0.88 mmol) of (R)-N,N-
dimethyl-1-phenylethylamine in 1 mL of methanol; the reaction
mixture was kept under stirring at room temperature for 2 days.
The iodide salt was precipitated from methanol by Et,0, filtered,
and washed with Et,O. The bromide salt was obtained by dissolving
the iodide salt in a methanol solution saturated with NaBr.
Purification by chromatography on silica gel (CHCl;/MeOH = 80/
20) of the residue obtained after filtration of the solution and
removal of the solvent under vacuum yielded the pure product, as
a light yellow solid. '"H NMR, 6 (CD;0D): 1.823 (d, CH3, 3H, J
= 7.0 Hz), 3.140 (s, CHs, 9H), 4.890 (q, CH, 1H J = 7.0 Hz),
7.50—7.53 (m, ar, 3H), 7.63—7.66 (m, ar, 2H).

Water of Millipore Q quality (18.2 MQ2 cm) was used for the
preparation of all the aqueous solutions.

Instrumentation. Conductivity measurements were carried out
at 298 K on a Hanna conductimeter HI-9932, equipped with a
thermostatting apparatus.

Circular dichroism (CD) spectra were recorded on Jasco spec-
tropolarimeters J-715 and J-810.

UV —vis spectra were recorded on a Carey-300 UV —vis spec-
trophotometer. The spectral changes induced by the increase of
temperature were recorded by Varian-Carey (500 SCAN) UV —vis—NIR
spectrophotometer equipped with a Peltier temperature controller.

Fluorescence spectra were recorded on a PTI spectrofluorimeter
in L geometry equipped with a Xe lamp (LPS 220B) and a
photomultiplier detection system PTI 814.

Resonance light scattering measurements were carried out
on a Horiba Jobin Yvon Fluoromax-4 spectrofluorimeter, with a
right angle geometry, by operating in the synchronous scanning
mode in which the excitation and emission monochromators are
coupled to scan simultaneously.

Determination of Critical Micellar Concentration. Critical
micellar concentration (cmc) of surfactant 2 was measured by
conductivity experiments according to a described procedure.'’
Known volumes of 25 mM aqueous solution of surfactant were

5¢,13

(9) Rubires, R.; Crusats, J.; El-Hachemi, Z.; Jaramillo, T.; Valls, E.;
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(11) Frinii, M.; Michelis, B.; Zana, R. J. Phys. Chem. 1992, 96, 6095.
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Figure 1. Soret region of the absorption spectrum of 1 uM H,TPPS;* in the presence of surfactants 1a (a) and 2 (b), at [surfactant]/[porphyrin] ratio of
10 000:1 (solid line), compared with the spectrum of porphyrin in water (dashed line).
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Figure 2. Soret region of the absorption spectrum of 1 uM H,TPPS4*~ in the presence of surfactants 1a (a) and 2 (b), at [surfactant]/[porphyrin] ratio of
4:1 (solid line), compared with the spectrum of porphyrin in water (dashed line).

added to a known volume of Milli-Q water. The cmc’s of 1'? and
2 are 2.40 x 10™* and 2.15 x 10™* M, respectively.

Sample Preparation. Samples for UV —vis, fluorescence, and
CD experiments were prepared, when not differently specified, as
follow: (a) samples at [surfactant] < 1 mM were prepared by adding
the necessary volume of a 0.1—1 mM porphyrin stock solution to
the proper amount of water. To the resulting dilute porphyrin
solution a proper amount of a stock aqueous surfactant solution
was then added to obtain the required porphyrin/surfactant ratio;
(b) samples at [surfactant] > 1 mM, i.e., above the cmc, were
prepared by adding the proper amount of porphyrin stock solution
to the surfactant solution. The concentration of the porphyrin stock
solutions was checked by UV—vis spectroscopy (¢ = 480.000
mol 'L cm ™" at 413 nm).

UV—Vis and Fluorescence Experiments. Spectra were regis-
tered within 5—15 min of the sample preparation, in quartz cuvettes
(path length 1 cm). Experiments were performed at room temper-
ature, when not specified.

The stoichiometry of the porphyrin—surfactant heteroaggregate
was determined by the method of continuous variations (Job’s
method plot analysis).'* The total concentration of the two
components (porphyrin and surfactant) was kept constant at 10 xM.
The absorption spectra were recorded immediately after the
preparation of the samples.

Results and Discussion

The interaction between nonchiral sulfonated porphyrin
H,TPPS,*~, and chiral cationic surfactants 1 and 2, in water

(13) PasternacK, R. F.; Collings, P. J. Science 1995, 269, 935.
(14) Job, P. Ann. Chim.(Paris) 1928, 9, 113-203.
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solution was studied by means of UV—vis spectroscopy,
fluorescence, and CD spectroscopies.

The UV—vis experiments were carried out at [H,TPPS,*7]
= 1 uM at [surfactant]/[porphyrin] ratio ranging between 1:1
and 10 000:1 (i.e., at surfactant concentration ranging between
1 uM, well below, and 10 mM, well above, cmc), the cmc of
1 and 2 being 2.40 x 10~* and 2.15 x 10~* M, respectively.
For the sake of clarity we report here only the UV —vis spectra
relative to some selected [surfactant]/[porphyrin] ratios (Figures
1 and 2); other UV—vis spectra are reported as Supporting
Information.

The absorption spectrum of H,TPPS,*~ (1 uM) in pure water
exhibits a sharp Soret band at 413 nm (dashed line in Figures
1 and 2) and four distinguishable Q-bands at 516, 552, 579,
and 634 nm (Supporting Information). The absorption spectrum
of H,TPPS,*~ (at [H,TPPS,*"] = 1 uM) is not affected by the
presence of the chiral ammonium salt 3 (at [3]/[H,TPPS4* ]
ratios ranging between 1 and 22). Notice that this chiral
ammonium salt is the homologue of surfactant 1b with a methyl
group instead of the hexadecyl hydrophobic tail. This result
indicates that whatever is the interaction between these op-
positely charged species, it does not perturb the porphyrin
electronic transitions. On the other hand, both Soret and Q-bands
of the absorbance spectrum of HyTPPS,* ™ are strongly affected
by the presence of the cationic surfactants la, 1b, and 2
indicating a significant interaction with the charged porphyrin.
For example, at [1a]/[H,TPPS:*"] = 10000:1 for 1 uM
H,TPPS,*~ the Soret band shows a red shift to 419 nm (Figure
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Figure 3. Fluorescence emission spectra of 1 uM H,TPPS4*~ in water (panels a and b, dashed line) and in the presence of (a) surfactant 1a at [surfactant]/
[porphyrin] ratio of 4:1, Aex 408 nm (dotted line), at surfactant/porphyrin ratio of 10 000:1, Aex = 413 nm (solid line); (b) surfactant 2 at [surfactant]/
[porphyrin] ratio of 4:1, Aex 408 nm (dotted line), at [surfactant]/[porphyrin] ratio of 10 000:1, Acx 407 nm (dash-dotted line), and Aex = 420 nm (solid line).

la), which indicates the incorporation of the porphyrin in the
surfactant cationic micelles. The presence of monomeric por-
phyrin included in micellar aggregates (micellized monomeric
porphyrin) has been reported previously.® On the other hand,
at lower [surfactant]/[porphyrin] ratios the Soret band shows a
broad shape (Supporting Information), that cannot be assigned
to the presence of either free porphyrin in water or micellized
porphyrin, because the maximum absorptions, also those of
Q(0,0) band, appear to slightly different wavelengths with
respect to those of the free porphyrin and of the porphyrin
incorporated in the surfactant micelles (Supporting Information).
In the case of surfactant 2 the band relative to this species is
also clearly observable in the absorption spectrum of HyTPPS,™ ™
at [surfactant]/[porphyrin] ratio of 10 000:1 as a shoulder at
lower wavelengths of the absorbance of micellized porphyrin
(Figure 1b), whereas the single sharp band of micellized
porphyrin is observed in the case of surfactant 2 only at higher
[surfactant]/[porphyrin] ratio (Supporting Information). Finally,
the lack of an isosbestic point in the UV—vis experiments in
the absorption spectra of H,TPPS,* at various surfactant/
porphyrin ratios demonstrates the formation of different kinds
of aggregates in solution, depending on the experimental
conditions. Therefore, a detailed study on the porphyrin—surfactant
interactions at surfactant concentrations below the cmc was
performed.

At [surfactant]/[H,TPPS,*~] = 4:1 and below the cmc (Figure
2) a strong decrease of the Soret band absorption together with
a splitting with maxima at 408 and 418 nm is observed for both
surfactants together with an ~16 nm red shift of the two lowest
energy Q-bands (absorbance values of Q-bands are given as
Supporting Information). At [surfactant]/[ H,TPPS,*"] < 3:1
for both the surfactants broadening and strong intensity decrease
of the Soret band is observed (Supporting Information). Such
spectral changes observed at surfactant concentration below cmc
must be attributed to the formation of “premicellar” porphyrin—
surfactant aggregates® that we call here as porphyrin—surfactant
heteroaggregates. The formation of a porphyrin—surfactant
heteroaggregate was confirmed by fluorescence and resonance
light scattering experiments (see below).

The fresh prepared diluted solutions of heteroaggregates show
a symmetric splitting (290 cm™ ') of the Soret band in two
absorption bands of the same intensity. However, these equally

intense bands evolve with time or with the increase of surfactant/
porphyrin ratio to a higher intensity of the red-shifted band.
This pattern of the Soret band arising from aggregation is
significantly different from that observed in the typical 7-stack-
ing of the free base porphyrins (H-aggregation with a slightly
hypsochromic shift) or in the side-to-side aggregation (J-
aggregation with a bathochromic shift) characteristic of homo-
associated diprotonated porphyrins. Therefore, the observed
splitting indicates an uncommon geometrical arrangement of
the porphyrins.

The porphyrin—surfactant heteroaggregate spectrum also was
observed at higher porphyrin concentrations. For example, in
the range of 0.1 uM =< [H,TPPS4* ] < 22.5 uM, at [2] =1
mM (i.e., above the surfactant cmc), the absorption spectrum
shows the split Soret band of the heteroaggregate (not shown).
Moreover, the plot of the absorbance at the two Soret maxima
as a function of porphyrin concentration is linear, thus indicating
that the porphyrin—surfactant heteroaggregate is the only species
in solution under these conditions. Note that the obtainment of
heteroaggregates at concentration above the cmc implies that
the formation of the heteroaggregate decreases the surfactant
concentration below the cmc, thus suggesting either a higher
stability of the heteroaggregates compared to that of the micelles
or a kinetic barrier in the transformation of heteroaggregates
into micelles. In contrast, previous results concerning analogous
systems show that the premicellar aggregates disappear by
increasing the surfactant concentration.®

Fluorescence spectroscopy experiments confirm the presence
of different species in solution depending on the [surfactant]/
[H,TPPS,* ] ratio. The emission spectra of the [HyTPPS;*"]
=1 uM at some selected [surfactant]/[H,TPPS4* "] ratios (for
both the surfactants) are shown in Figure 3. The spectrum of
H,TPPS,*™ in water exhibits the characteristic two bands of
the free base porphyrin at 644 and 704 nm (dashed line in Figure
3), but the presence of surfactant induces changes in the emission
spectrum of the porphyrin showing the formation of new species.
At [surfactant]/[H,TPPS,*"] = 1:1 the emission spectrum (not
shown) is very similar to that of porphyrin in water; however,
at [surfactant]/[porphyrin] = 4:1, for both surfactants (1 and
2), the emission spectrum shows a strong decrease in quantum
yield and a significant red shift of the emission maxima (657
and 721 nm) with respect to the spectrum of the porphyrin in
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Figure 4. RLS profile of 1 uM H,TPPS,*", in the presence of surfactant
1a (dotted line) and surfactant 2 (dashed line) at [surfactant]/[porphyrin]
ratio of 4:1, compared with the RLS profile of porphyrin in water (solid
line). Spectra are not corrected for photomultiplier response.

water. This, in agreement with the results obtained in the
absorption experiments, demonstrates the formation of por-
phyrin—surfactant heteroaggregates at ~4:1 [surfactant]/[por-
phyrin] ratio. Further, the lack of a dependence of the shape
and the intensity of the emission spectra upon the excitation
wavelength (and of the excitation spectra upon the selected
emission wavelength) indicates the porphyrin—surfactant hetero-
aggregate as the highly predominant species in solution at this
surfactant/porphyrin ratio.

At [surfactant]/[porphyrin] = 10 000:1 and surfactant con-
centration (10 mM), well above the cmc, a strong increase of
the intensity of the emission spectrum was observed with the
more intense maximum slightly blue-shifted with respect to the
maximum of the emission spectrum of the sample 4:1 (650 and
717 nm, i.e., red-shifted with respect to the spectrum of free
porphyrin in water). This result suggests the incorporation of
monomeric porphyrin into the micelles. Note that, in the case
of surfactant 2 (Figure 3b), the dependence of the intensity and
of the wavelengths of the fluorescence maxima upon the selected
excitation wavelength (at [surfactant]/[porphyrin] = 10 000:1)
indicates the presence of both micellized porphyrin and
porphyrin—surfactant heteroaggregate, in agreement with the
results obtained in the UV—vis experiments. Actually, the
simultaneous presence of heteroaggregate and micellized por-
phyrin in the solutions depends not only on the concentrations
and their ratio but also on the hierarchical order of preparation
of the two component solutions, which is discussed later.

Resonance light scattering (RLS)**'? experiments gave further
insight on the nature of the different species in solution. The
evidence of the heteroaggregate in the RLS spectrum is the
emergence of an intense scattering signal in the region of Soret
absorption for both surfactants (Figure 4), thus indicating the
presence of extended porphyrin arrays within the porphyrin—
surfactant heteroaggregates, with long-range porphyrin inter-
actions. On the other hand the monomeric micellized porphyrin
(as well as the free monomeric porphyrin) shows no enhanced
scattering in the Soret region; rather a minimum appears at the
absorption maximum due to the self-absorption of the incident
and scattered radiation."?

It is of note that the samples containing the porphyrin—
surfactant heteroaggregate as main species at low H,TPPS,*~
concentration (1 M) show strong spectral changes as a function
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of time (decrease of the intensity and a broadening of the split
Soretband) that suggest an organization of the porphyrin—surfactant
heteroaggregates into larger aggregates (Figure 5, parts a and
b). On the other hand, similar spectral changes are not observed
when the porphyrin—surfactant heteroaggregates are formed at
[H,TPPS,*"] = 10 uM, at the same [surfactant]/[porphyrin]
ratios (Figure 5, parts ¢ and d).

However, porphyrin—surfactant large heteroaggregates (de-
tected by the UV—vis) featuring the characteristic broad
spectrum shown in Figure 5, parts a and b, were also obtained
at [HyTPPS;* "] = 10 uM (at [2)/[ H,TPPS,* ] = 6:1 by adding
successive proper amounts of concentrated surfactant and
porphyrin solutions to a previously equilibrated solution of 1
uM H,TPPS,*~ and 6 uM 2, i.e., containing large hetero-
aggregates. The experiment was carried out by adding to the
preformed heteroaggregate, first the surfactant and then the
porphyrin concentrated solution. After each addition the sample
was allowed to equilibrate for 1—2 h following the evolution
into larger aggregates by the decrease of intensity in the
absorption spectra. The UV spectra, performed at different times
after each addition, are reported as Supporting Information.
Noteworthy, the addition of the surfactant to a solution
containing porphyrin—surfactant heteroaggregates does not
induce any spectral change, i.e., it does not perturb the
heteroaggregate structure, whereas the addition of the concen-
trated porphyrin solution induces the formation of new small
heteroaggregates (featuring a more intense absorption) that
slowly organize into larger aggregates. Finally, we observed
that the growth to larger heteroaggregates is faster in the
presence of preformed large heteroaggregates. The hydrophobic
effect plays an important role in the formation of the hetero-
aggregates and in the kinetics of the aggregation, as shown in
the following experiment. In a fresh prepared solution at
[H,TPPS,* ] = 2.5 uM and [2]/[porphyrin] = 4:1 the increase
of temperature irreversibly promotes aggregation (Figure 6), thus
demonstrating that the driving force of the heteroaggregation
process is the hydrophobic effect (direct relationship with
temperature) and that the formation of the heteroaggregates is
irreversible.

A Job’s plot analysis allowed us to determinate the stoichi-
ometry of the porphyrin—surfactant heteroaggregates. Figure 7
shows the plot obtained for 1a by plotting absorbance at 416
nm versus the porphyrin molar fraction (10 4M, total concentra-
tion). The minimum was obtained at porphyrin molar fraction
0.25 corresponding to an unexpected surfactant/porphyrin 3:1
stoichiometry. An analogous result was obtained for surfactant
2.

This stoichiometry implies that the porphyrin building block
in the aggregate features a free sulfonato group able to interact
with water and that hydrophobic interactions between the
hexadecyl tails of neighboring surfactant molecules can construct
an organized hydrophobic network (Scheme 1). A parallel array
of two one-dimensional (1D) chains (Scheme 1) explains the
3:1 stoichiometry as the consequence of the stabilization exerted
by the formation of polar surfaces that interact with water, and
that would not occur at a 4:1 stoichiometry. However, the
asymmetric shape of the Job’s plot suggests the formation of
aggregates with stoichiometry between 3:1 and 4:1. On the basis
of the changes observed, as a function of time and/or temper-
ature, in the UV —vis spectra of porphyrin—surfactant hetero-
aggregates at surfactant/porphyrin ratios >3:1, the hypothesis
is that the heteroaggregate would grow once formed the 3:1
bilayer by incorporating 4:1 layers between the external layers
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Figure 5. UV—vis spectrum of the surfactant—porphyrin heteroaggregates at [surfactant]/[porphyrin] ratio of 6:1, at = 0 (solid line) and r = 24 h (dashed
line), (a) at [HoTPPS;*~] = 1 uM in the presence of surfactant 1a; (b) at [H;TPPS,*"] = 1 uM in the presence of surfactant 2; (c) at [HoTPPS,* "] = 10
uM in the presence of surfactant 1a; (d) at [HyTPPS;*"] = 10 uM in the presence of surfactant 2.

0.30

0.25

0.20 4

0.15 H

0.10 4

0.05 4

A /nm

Figure 6. UV—vis spectrum of 2.5 uM H,TPPS;*” in the presence of
surfactant 2 at [surfactant]/[porphyrin] ratio of 4:1 taken at different
temperatures, starting from 15 °C and increasing up to 60 °C.

of 3:1 stoichiometry. This would lead to an overall stoichiometry
between 3:1 and 4:1.

Notice that an orthogonal arrangement of the 2D networks
reported in Scheme 1, with the hexadecyl chains crossing the
cavities occurring in the 2D network between four porphyrin
sites, would give a 3D structure. Such a structure would explain
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Figure 7. Job plot relative to the porphyrin—surfactant 1a heteroaggregate,
obtained by plotting absorbance at 416 nm vs porphyrin molar fraction.

the kinetic reluctance of the heteroaggregates to transform into
micelles incorporating the porphyrin as put in evidence by the
experiments discussed below. This irreversibility suggests a
hierarchical aggregation process which is confirmed by the
dependence of the aggregation on the order of mixing. In fact,
we could observe that in the case of surfactant 1a at surfactant
concentration above the cmc the type of the obtained aggregates
also depends on the protocol of the sample preparation (Figure
8a). Actually, the dissolution of the surfactant powder in a dilute
porphyrin solution yields micellized monomeric porphyrin,
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Scheme 1

whereas the addition of a concentrated porphyrin solution to a
micellar solution gives the formation of the heteroaggregate.
Sonication of both samples does not produce any spectral
change, and samples remain unchanged for days, thus showing
that there is no interconversion between the two kinds of
aggregates. However the interconversion of heteroaggregates
into porphyrin including micelles was obtained by precipitation
at low temperature of the surfactant from heteroaggregate
followed by redissolution. In the case of surfactant 2 both
protocols of sample preparation yield the formation of the
porphyrin—surfactant heteroaggregate as the most abundant
species (Figure 8b).

Transfer of Chirality. Our principal objective being to detect
the transfer of chirality from the chiral surfactant to the achiral
porphyrin, the investigation described previously was necessary
in order to detect unambiguously the species occurring in
solution.

H,TPPSs*~ solutions in the presence of the chiral ammonium
salt 3 (at [3]/[H,TPPS,* ] ratio ranging between 1 and 22) are
CD silent in the region of the porphyrin absorption bands. This
was an expected result as consequence of the absence of
electronic perturbations between surfactant and porphyrin.

The CD experiments on the porphyrin/surfactant samples
were carried out at [H,TPPS,*"] = 10 uM (i.e., a concentration
that ensures proper absorbance values) on two type of samples:
monomeric micellized porphyrin at [surfactant]/[porphyrin] =
250:1 prepared in conditions were the heteroaggregate is absent;
samples of surfactant—porphyrin heteroaggregate ([surfactant]/
[porphyrin] at 4.1 and 6:1 ratios).

Unexpectedly, the micellized porphyrin is CD silent for both
surfactants. This result excludes porphyrin as a probe of chirality
of these chiral micellar aggregates. Actually, the porphyrin in
the chiral micelle features an electronic perturbation (as seen
in the UV —vis spectrum), but the structural arrangement of the
porphyrin in the micelle is probably a racemic mixture of
conformational chiral porphyrin structures, because a loose
interaction with the chiral aggregate does not allow a dia-
stereoselection. In contrast, the heteroaggregate shows intense
bisignate bands at the absorption wavelengths of the porphyrin
(Figure 9). As expected the sign of the CD bands is opposite in
the CD spectra of the heteroaggregates formed by the surfactant
enantiomers (Figure 10).

The CD spectra of the large porphyrin—surfactant hetero-
aggregates obtained at [H,TPPS4* "] = 10 uM by the protocol
described above also show a bisignate band, similar to the band
obtained for the smaller heteroaggregates. The intensity of CD
spectrum of the solution obtained immediately after the last
addition of the concentrated surfactant and porphyrin solutions
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decreases as a function of time, analogously to what is observed
in the absorption spectra (decrease and broadening of the band).
This change must be attributed to the increase of the size of the
aggregate leading to an apparently lower extinction coefficient.
Interestingly a clear isodichroic point is observed for the CD
spectra registered at different times (Supporting Information),
thus suggesting that the structural motif responsible for the CD
band is the same in the small and in the large heteroaggregates.
With respect to the structure of the porphyrin chromophore
leading to the CD response, note that the 3:1 stoichiometry must
lead to the breaking of the degeneracy of the x and y electronic
transitions (Scheme 1). Actually, in the porphyrin—surfactant
heteroaggregate the anisotropic interactions on the macrocycle
periphery (Coulombic interactions in one directions and water/
Coulombic on the other) would differentiate the two degenerate
Soret B, and B, transitions of the symmetric porphyrin, as seen
in the UV—vis spectrum.®” The presence of chiral surfactants
on the periphery of the achiral porphyrin simply transforms it
in a chiral, optically active, chromophore by stabilizing the
phenyl group conformational angles in one of the two enantio-
morphous forms. As a consequence, the B, and B, transitions
are CD active. The rigidity of the heteroaggregate structure
surely plays a decisive role in the transfer of chirality (dia-
stereoselection). Note that the chiral transfer is not due the chiral
induction exerted in homoassociates, as is the case of the well-
known J-aggregates of this type of porphyrin, but rather to the
formation of heteroassociates with defined structural trends.

Concluding Remarks

We have investigated the interaction of two chiral cationic
surfactants with an achiral anionic porphyrin. Depending on the
experimental conditions these may result either in the inclusion
of the monomeric porphyrin in the micellar aggregates of the
surfactant or in the formation of porphyrin—surfactant hetero-
aggregates whose absorption spectrum is characterized by a split
of the Soret band centered at 413 nm. The fact that above the
cmc different protocols of mixing the porphyrin and surfactant
1 yield either micelles including monomeric porphyrin or
porphyrin—surfactant heteroaggregates which do not inter-
convert indicates the complexity of the dynamics of the overall
system. In fact, though micelles are equilibrium systems in fast
exchange with the monomeric surfactant, the inclusion of
H,TPPS,*~ in the micelles is almost irreversible, due to the
high association constant of the porphyrin with the micellar
aggregates. Further, though the formation of the 1:3 por-
phyrin—surfactant structural motif is probably reversible, its
hierarchical aggregation into more complex and organized
heteroaggregates driven by hydrophobic interactions is also
irreversible. Similar effects, only understandable assuming a
hierarchical association, have been described for the homo-
association of H;TPPS,*~ and similar water-soluble porphyrins >4
This is in contrast with the multiple equilibrium picture invoked
previously in the interaction of H,TPPS,*~ other cationic
surfactants (e.g., CTAB).2* However, in the case of surfactant
2, the formation of the porphyrin—surfactant heteroaggregates
occurs more easily also in the conditions in which 1 yields
micellar aggregates including monomeric porphyrin, thus dem-
onstrating a fundamental role of the molecular structure of the
surfactant in the building and in the organization of the
heteroaggregates, as demonstrated also by the pattern of CD
spectra.

We found that hydrophobic interactions have a fundamental
role in the formation of the heteroaggregates; further, for both
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Figure 10. CD spectrum of 12.5 uM H,TPPS,*~ at [surfactant]/[porphyrin]
ratio of 4:1 in the presence of surfactants la (solid line) and 1b (dashed
line).

surfactants the (surfactant/porphyrin) stoichiometry in the hetero-
aggregates is 3:1, thus leaving a sulfonate group free to interact
with water and confirming the lyotropic-like liquid crystal
behavior of ionic amphiphilic porphyrins.® We also observed a
progressive hierarchical association of the heteroaggregates
(formed at [porphyrin] = 1 #M) into larger aggregates char-

acterized by a decrease of intensity, by a broadening of the split
Soret band as a function of time, and finally, by an increase of
the stoichiometry from 3:1 toward 4:1. Because of its organiza-
tion, the heteroaggregate is therefore an excellent model for
investigating the transfer of chirality from molecules to complex
systems. Actually, the porphyrin embedded in the heteroaggre-
gate, differently from the porphyrin included in micellar
aggregates, features a bisignate CD band, thus demonstrating
that due to tight interactions in the highly organized system
governed by Coulombic and hydrophobic interactions, both
chiral surfactants are able to transfer their stereochemical
information to the whole aggregate by selecting one of the
enantiomeric forms of the porphyrin where phenyl groups are
tilted with respect to orthogonality. We do not know the extent
of enantioselection (i.e., the extent of enantiomeric excess);
however, the important point is the finding of transfer of chirality
in systems controlled by a combination of Coulombic and
hydrophobic interactions; in fact, neither Coulombic or hydro-
phobic interactions per se were shown to be sufficient to observe
1t.

A further point of interest is given by the fact that the
formation of the highly organized porphyrin—surfactant hetero-
aggregates occurs at very low concentration of components. This
highlights the possibility that very low concentrations of
amphiphiles in the primordial soup might have been sufficient
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to settle the conditions of organization and recognition necessary
for the development of life and might have had a role on the
history of chiral homogeneity of biomolecules.

Acknowledgment. We express thanks for the financial support
from Dipartimeto di Progettazione Molecolare and from the Spanish
Government project AYA2006-1648-C02-01. A.S. thanks COST
Action D27 for an STMS travel bourse. We thank Professor Roberto
Purrello for the communication of unpublished results on the
hierarchical dependence on the mixing of the components in
noncovalent synthesis of aggregates of amphiphilic porphyrins.

15184 J. AM. CHEM. SOC. = VOL. 130, NO. 45, 2008

Supporting Information Available: Absorption spectra (Soret
region) of 1 uM H,TPPS,*" at various [surfactant]/[porphy-
rin] ratios for both the surfactants, wavelengths of the
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