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The self-assembly of diprotonated phenyl and 4-sulfonato-
phenyl meso-tetrasubstituted porphyrins gives a sponta-
neous chiral symmetry breaking, but only for H2TPPS3

2,
which forms helicoidal colloidal particles; the selection of the
resulting chirality sign by the hydrodynamic forces of a
stirring vortex can be demonstrated.

The achiral water-soluble diprotonated porphyrins of Scheme 1
give, in acidic media, J-aggregates1 which show spontaneous
chiral symmetry-breaking.2,3 In some cases the chirality sign
(detected by circular dichroism spectroscopy†) could be
selected by the direction of vortical stirring during formation of
the homoassociates. The hydrodynamic forces, tiny as they
might be, do not cause chiral symmetry breaking, but can select
the sign of chirality at the symmetry bifurcation point.4 Here we
report on the chiral shape of the growing particles, which,
together with their colloidal character, justify how the hydro-
dynamic forces can exert a detectable effect upon the enantiose-
lective growth of homochiral particles.

Aggregates were obtained by rotary evaporation of dilute
monomeric solutions.† The final solutions correspond to dilute
gel solutions, in which the homoassociated porphyrins are the
colloidal particles. For H2TPPS3

2 we obtain similar results to
those previously published, i.e. the chirality sign was dependent
on the direction of stirring and speed of the rotary evaporator.
Stirring selection values of 80% at 300 rpm and 53% at 50 rpm
[sets of 20 pairs of experiments (clockwise and anticlockwise)]
were obtained. However, for the rest of the compounds of the
H2TPPSx series stirring selection of the chirality sign could not
be detected. This suggests a significant structural characteristic
of the H2TPPS3

2 homoassociates.
All compounds of the H2TPPSx series show very similar

absorption spectra,2 which has been interpreted as a con-
sequence of the exciton coupling perturbation limited to three
neighbouring rings.2,3 Therefore, structural differences arising
from the different number of hydrophilic (4-sulfonatophenyl) or
hydrophobic (phenyl) substituents and their relative substitution

pattern must occur at a larger length scale than that originating
from the electronic perturbation ( > 40 Å).2,5 This is confirmed
by the different anisotropy values of their polarized fluores-
cence spectra in non-viscous media:6 polarization (P) values of
0.4 for H2TPPS4

22, similar to a previously reported determina-
tion (P ≈ 0.5),7 0.13 for H2TPPS3

2 and H2TPPS2o, and 0.0 for
H2TPPS2a. Being the anisotropy values related to the motion
rates around the internal rotation axis (P = 0.5 for stick-like
objects and 0 for spherical objects),6 these results indicate
considerable differences between the shapes of the aggregates
of the series. An atomic force microscopy (AFM)†‡ study
confirmed these results (e.g. see Figs. 1 and 2).

The homoassociate of each of these compounds show
characteristic features, although their final shape and size also
depends on whether or not they are obtained under stirring. In
the case of H2TPPS4

22 stick-like forms (Fig. 1a: 0.5–1.5 µm
long, 40–50 nm wide and 5–15 nm high) were obtained without
stirring. H2TPPS4

22 homoassociates obtained from rotary
evaporation of very dilute solutions exhibited the same type of
structures, but a relatively large amount of irregular particles
was detected and the sticks showed rounded ends (e.g. Fig. 1b
and 1c). In the case of H2TPPS2o the particles correspond to
stacked platelets, and for H2TPPS2a the homoassociates show
round-shaped hemispherical-like particles, as those expected
for the collapsing of spherical or oval colloidal particles after
deposition on the mica substrate (Fig. 1). The most interesting
result was obtained in H2TPPS3

2 aggregates (Fig. 2). For this
compound we detect ribbons, showing homochiral folding
coming from 3D helices, together with irregular potato-like

† Electronic supplementary information (ESI) available: procedures and
methods. See http://www.rsc.org/suppdata/cc/b3/b303273f/

Scheme 1

Fig. 1 AFM images (feedback amplitude signal) of aggregates coming from
H2TPPS4

22: (a) a concentrated solution (3.3 mM porphyrin, H2SO4, pH =
1.5) free of metallic cations [(10 3 10) µm2. Z scale; 2 V. Inset (750 3 750)
nm2. Z scale; 0.1 V]; (b) and (c) rotary evaporated dilute solutions (final
values: 4 µM porphyrin, 0.6 M NaCl, H2SO4, pH = 2.0) [(b) (700 3 700)
nm2. Z scale; 0.2 V. (c) (600 3 600) nm2. Z scale; 0.2 V]. H2TPPS2o [(1 3
1) µm2. Z scale; 0.2 V] and H2TPPS2a [(4 3 4) µm2. Z scale; 0.3 V] coming
from rotary evaporated dilute solutions (final values: 20 µM porphyrin, 0.6
M NaCl, H2SO4, pH = 1.5).
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particles and straight whiskers. Folded ribbons (1–3 µm length,
40–120 nm wide and a constant and uniform thickness of 3.2 ±
0.1 nm) were observed in stirred (rotary evaporation) and
unstirred (sudden acidification of the free base porphyrin)
samples but straight whiskers (0.7–1.5 µm length, 10–40 nm
wide and a constant and uniform thickness of 2.3 ± 0.1 nm) were
only observed in the case of unstirred solutions. The folding of
the ribbons occurs between 50 and 120 nm, but noticeably
exhibits a regular pitch when the width of the ribbon is constant.
The pitch length decreases with the width, so that the widest
ones show similar pitch and width lengths. In each sample,
helices of both signs were always detected. Ribbons showing
many foldings generally coil one-to-another forming bundles of
helices of the same sign, which can also include the irregularly-
shaped particles.†§

The different shapes of the homoassociates of the series
H2TPPSx show the effect of the lateral hydrophobic phenyl
groups on the packing between J-aggregate chains (Scheme 1).
The significant result to stress here is that the chiral polarization
exerted by the vortex direction could only be demonstrated for
the compounds of the series giving helix-shaped aggregates
(H2TPPS3

2), i.e. for colloidal particles with pronounced chiral
shapes. For the following discussion of this result we take into
account: a) the motion of a chiral shaped particle in a fluid, and
b) the effect of a fluid motion on the electrical double layer of
a colloidal particle.

The application of a uniform force to rigid enantiomeric
chiral objects results in enantiomeric motions.8–10 Furthermore,
two enantiomers immersed in a fluid in chirotropic movement,
i.e. the stirring vortex, will follow diastereotropic trajectories, or
reciprocally, as recently shown, two enantiomeric micro objects
with the same motion create diastereotropic fluid movements,
which determine a different mass transport around each
enantiomer.11 As a consequence, it is conceivable to admit that
the growth kinetics of the suspended chiral particles could be
affected by stirring and that this would finally result in the
enantioselective growth of hydrodynamically well-adapted
mesoscopic shapes. This argument takes into account that the
homochirality classification can be applied, i.e. two enantio-
meric chiral shapes can be defined, such as occurs for helices
but not in the case of the chiral potato shaped mesophases.12 As
a matter of fact, helices of different sign in a real fluid flow show
strong differentiated motions.13 In contrast, enantiomeric
crystals of external chiral shape (e.g. the case of tartaric acid
salts) show small differences between their mobility and
resistance centres so that small differences between their
motions must be expected. This should be kept in mind when
comparing our observations here with the lack of experimental
evidence of chiral sign selection by stirring in a crystallization
context,14 where only the initial stochastic symmetry breaking
determines the chiral outcome. In the system herein studied
(helix shaped “crystals”) the enantioselective growth exerted by
the hydrodynamic forces of the direction of stirring can

overcome the initial excess of the less “adapted” enantiomer.
The significance of the movement of chiral shaped macromole-
cules in complex systems was shown recently by the selection
of right–left symmetry breaking in embryos by the direction of
flow.15

In the growth of colloidal particles (e.g. in a cluster-to-cluster
mechanism) one principal contribution of the process activation
energy is to overcome the repulsion originated by the diffuse
electrical double layers.16 It is noteworthy that the small
dimension giving the colloidal character to the homoassociates
of H2TPPS3

2 (ribbon thickness of 3.2 nm, see Fig. 2) is also
where the growth occurs and chirality appears. Flow easily
affects the diffuse electrical double layers,8,9 by pushing the
solution ions out. In consequence, the above described short
range fluid movements could affect differentially the diffuse
double layers of both enantiomeric objects, and result in higher
enantioselection rates than expected for simple differential mass
transport.

These results suggest that both the ionic or polar character of
the supramolecular system and the pronounced structural
asymmetry of the particulate mesophases are necessary condi-
tions to select chirality by stirring vortices. In this respect, it is
remarkable that both premises are found in peptides and nucleic
acids, i.e. the result of primordial absolute asymmetric syn-
thesis.

This study was supported by the MCYT of the Spanish
Government (AGL2000-0975 and BXX2000-0638-102-01).

Notes and references
‡ The same shape was detected for the particles by AFM for different
experimental conditions and substrates, but the best conditions were those
obtained on mica substrates functionalized with amino propylsiloxane,
according to similar procedures to those described for DNA samples.17 The
sample deposition procedure takes into account the colloidal nature of the
solutions, and the anionic character of the homoassociate surface.
§ It was not possible to establish a correlation between the chirality sign
(CD) of the sample with an excess of homochiral helices. In this respect, the
small area character of the AFM measurements, the impossibility to scan
completely the mica substrate, the groups of bundles of chiral shaped
particles originated by the flocculation of gel drops.† prevent an statistical
analysis of the homochirality of the deposited sample.
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Fig. 2 AFM images of H2TPPS3
2 aggregates coming from solutions (3 µM

porphyrin, 0.34 M NaCl, H2SO4 pH = 1.7) prepared by rotary evaporation.
(a) Topography signal image of folded ribbons [(450 3 450) nm2. Z scale;
0.1 V]. (b) Amplitude signal image of a helicoidal ribbon [(200 3 200) nm2.
Z scale; 0.1 V].
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