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ABSTRACT: Detailed kinetic investigations demonstrate
the fundamental role of kinetic parameters in the
expression and transmission of chirality in supramolecular
systems. The rate of the aggregation process leading to the
formation of J-aggregates strongly affects the size of these
nanoassemblies and the chiral induction.

Reports of optical activity for assemblies of achiral entities
in the absence of templates were greeted at first with

skepticism. However, now that these findings have been
confirmed, considerable attention has been focused on this
phenomenon. The possibility that what is being observed in
these systems is a spontaneous mirror-symmetry breaking has
led to speculation about the relationship of these processes to
those responsible for the ubiquitous homochirality in our
universe.1 Some intriguing theories have been proposed for the
putative role of external influences such as circularly polarized
light,2−4 electroweak interaction,5,6 vortex motion,7,8 stir-
ring,8−19 catalysis at prochiral crystal surfaces,20,21 and
combinations of external fields.22,23 Alternatively, others have
suggested that “hidden” templates such as trace impurities in
solvents are responsible for the observed chirality.24 All these
experimental findings and speculations finally resolve on the
question of how chirality is transferred from a chiral bias, either
physical or chemical, to a growing assembly. Achiral
chromophores, especially porphyrins, have been of some
considerable importance for such symmetry-breaking studies
due to their rich spectral properties and their ability (under
appropriate conditions) to self-assemble into chiral supra-
molecular structures.25−30 In particular, meso-4-sulfonato-
phenyl- and aryl-substituted porphyrins have been widely
used as starting materials.31,32 Recently, control of the
handedness of chiral J-aggregates obtained from such achiral
porphyrin monomers has been achieved by applying rotational,
gravitational, and orienting forces at the beginning of the
assembly process.23 This experimental result underscores the
role that even small, macroscopic chiral perturbations applied
simultaneously with nucleation steps can have in directing the
handedness of initially formed seeds, and thereby of the final
supramolecular structure (“amplification effect”). The supra-
molecular aggregation processes are based on hierarchical self-
assembly showing different thermodynamically and kinetically
controlled paths related to medium properties and exper-
imental conditions such as concentration, pH, and ionic

strength.25,33−35 TPPS J-aggregates, obtained in aqueous
solution in the absence of any added chiral templating agent,
show an unpredictable chirality, resulting in controversial
proposals for their basis. Since achiral monomers were used, it
had been assumed that aggregates would be formed as a
racemic mixture, exhibiting no optical activity.8 When detected,
TPPS J-aggregates’ optical activity had been proposed to arise
through (among others) the adventitious presence of chiral
impurities (i.e., “hidden” templates) or an intrinsically chiral
arrangement of porphyrins in the unit cell.30 In the presence of
chiral templating reagents, such as tartaric acid, the situation
might have been expected to be more straightforward, but
kinetic investigations on the formation of J-aggregates of meso-
tetrakis(4‑sulfonatophenyl)porphyrin (TPPS) have shown
distinct kinetic patterns and a corresponding variance in the
amplification of chirality for the two enantiomers.25

In the current report, we attempt to resolve some of the
confounding issues related to optical activity of assembly
formation by providing an answer to a controversial question:
Is there a correlation between the different methodologies used
to initiate the aggregation and the rate constants for the process
as well as the final observed optical activity? Here, we report on
the kinetics of the self-assembly of TPPS in the absence of an
added chiral template, investigated through a combination of
UV/vis, circular dichroism (CD), and resonance light scattering
(RLS) spectroscopies, and show that the supramolecular
chirality is related to (i) reagent mixing protocol, (ii) kinetic
rates, and (iii) aggregate size. The aggregation process was
triggered in an aqueous solution by adding the porphyrin as
first (PF) or last reagent (PL) (see Supporting Information
(SI) for experimental details). The acidification of porphyrin
solutions induces the self-assembling of the zwitterionic
monomers (Soret band at 434 nm) into J-aggregated species
characterized by an extinction band at 490 nm. Within these
aggregates, the porphyrins are stacked side-by-side, are
stabilized by electrostatic, hydrogen-bonding, and dispersive
interactions,15,36−41 and exhibit interesting exciton delocaliza-
tion properties.42

Previous reports on porphyrin aggregation have pointed out
the importance of establishing a well-defined protocol for
reagent mixing in order to obtain reproducible results. This
issue becomes particularly relevant when dealing with kinetic
studies because the kinetics/mechanism of growth drive the
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morphology of the resulting aggregates. If hydrochloric acid
(0.5 M) is added to dilute porphyrin solution (3 μM) in PF
protocol, the formation of the J-aggregated species follows a
sigmoidal profile which is characterized by the presence of an
induction period at the beginning of the process (Figure 1,

upper panel). The analysis of the kinetic traces has been
performed through a nonconventional approach previously
reported for porphyrin aggregation (eq 1 in the SI).43 In such a
model, the rate-determining step is the formation of a “critical
size” assembly which catalyzes further growth.44−46 As the
aggregation continues, a positive bisignate induced Cotton
effect, located at the aggregate absorption bands, appears in the
CD spectra (Figure 1, upper panel), indicating chiral excitonic
coupling of the chromophores in the self-assembly. If porphyrin
is added as the last reagent (PL) to an acidic solution, a
dramatic difference is observed in the kinetic profiles, which
now obey a stretched exponential functional form (eq 2 in the
SI), completely devoid of an initial induction time (Figure 1,
lower panel). Somewhat surprising, when this protocol is used,
while the UV/vis spectra remain almost unchanged from those
obtained with the alternative protocol (insets of Figure 1), the
CD spectrum shows a total absence of chirality induction in the
aggregates region (Figure 1, lower panel) during the time
course of the self-assembly process as well as 1 day later.
As previously reported, the CD signals for these J-aggregates

cannot be attributed to artifacts due to linear dichroism.47 In
our case the reagent mixing order affects not only the kinetic
rates of the self-assembly processes but also the induction of
chirality in the supramolecular systems. To exercise kinetic
control of the aggregation process and to explore its influence
on the chirality, we investigated the formation of J-aggregates
using the PF mixing order protocol, in which the nucleation
stage could be easily monitored. As the aggregation process is
clearly detectable in electronic and CD spectroscopies, both
techniques were performed independently. The UV/vis and
CD kinetic profiles are depicted in the upper panel of Figure 2.
The two techniques show the same kinetic profile, indicating
that chiral amplification, in the self-assembly of the achiral dyes,
discloses the involvement of an autocatalytic pathway.
The sign and magnitude of the supramolecular chirality were

further quantified by calculating the increase of the
dissymmetry factor g (Δε/ε) as a function of time. This
feature shows a biphasic behavior exhibiting a rapid increase in

a period corresponding roughly to the initial nucleation stage
(accounting for ∼80% of the total effect), followed by a slower
and smaller increase as aggregation proceeds, as probed by RLS
measurements (Figure 2, middle panel). Since RLS intensity is
very sensitive to the mean cluster size,48 we estimated also the
correlation between the size of the J-aggregates and their
chirality by plotting the dissymmetry factor g with the intensity
of the RLS during the kinetics of growth (Figure 2, lower
panel). It is interesting to note that (i) the factor g increases
linearly with the size of the J-aggregates, paralleling their
growth, until a certain threshold size; above this size the factor g
remains almost unchanged, exhibiting a much smaller depend-
ence, likely due to structural disorder; (ii) the different rates for
the increase of g and RLS intensity with time could suggest a
somewhat different mechanism for optical activity with respect
to the growth of the aggregates size; and (iii) the nucleation
stage is of primary importance to chirality induction. All these
findings point strongly to the conclusion that the observed
chirality is a mesoscopic property of the growing supra-
molecular assembly and not a molecular one due only to a
chiral building block.
To gain further insight into the effects exerted by the

nucleation step, we performed a detailed kinetic investigation
scanning a range of porphyrin concentrations from 1 to 10 μM.
The kinetic traces were analyzed using the aforementioned
autocatalytic model.44,45 The kinetic parameters are summar-
ized in Table SI1.
The values of the rate constants for the uncatalyzed pathway,

k0, and those for the catalyzed pathway, kc, generally increase,
with the latter exhibiting an exponential dependence on the
initial porphyrin concentration (Figure 3, upper panel). k0 and
kc as well as m (∼2−4), the critical size for the nuclei, and n
(∼5−8), the time exponent, are comparable to values reported
in the literature for similar systems in aqueous solutions or in

Figure 1. Extinction kinetic profiles and CD spectral changes for the
aggregation of TPPS induced by HCl by using PF (upper) and PL
(lower) protocols. The extinction spectra of J-aggregates are reported
in the insets. [TPPS] = 3 μM; [HCl] = 0.5 M; for the kinetic plots, λ =
434 (full circles) or 491 nm (open circles); T = 298 K.

Figure 2. Absorption (full circle, upper panel) and CD (open circle,
upper panel), RLS intensity (full circle, middle panel), and
dissymmetry factor g (open circle, middle panel) kinetic profiles of
TPPS aggregation induced by HCl using PF protocol. In the lower
panel, g is reported as a function of RLS intensity. [TPPS] = 3 μM;
[HCl] = 0.5 M; λ = 491 nm; T = 298 K.
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microemulsions.34,44,43 CD spectra recorded at the end of the
aggregation process show a positive bisignate Cotton effect
centered at the aggregate absorption band (Figures SI1−SI10).
It is worth noting that the dissymmetry factor g decreases
dramatically with increasing initial porphyrin concentration, i.e.,
with increase of the aggregation rate (Figure 3, upper and lower
panels). Indeed, at high porphyrin concentration (>10 μM, see
Figure SI11) the CD signal is virtually undetectable, even for
the PF protocol. Thus, both the values of the experimental
kinetic parameters and the dissymmetry factors g prove to be
highly sensitive not only to the mixing protocol but also to
relatively small differences in initial dye concentrations.49 Our
findings point to the important role of the nucleation stage
preceding the growth of the final assemblies: when a large
number of seeds are formed very quickly, as in the PL protocol,
or by increasing either the concentration of porphyrin or the
ionic strength in the PF protocol,50,51 no CD band is detected
for the samples. Using the PF protocol, the nucleation period
shortens upon increasing the porphyrin concentration (Figures
SI1−SI10), and the measured m values imply that the rate of
the aggregation process and consequently the expression of
chirality are very sensitive to even small oligomers (dimers or
trimers). Interestingly, the average m value, i.e., the size of the
critical nucleus, observed in our experiments (∼3) is the same
as the value suggested by Ribo ̀ et al. using spectroscopic
measurements on a closely related system.19

Moreover, the intensity of the RLS, corrected for the
concentration of porphyrin as part of the aggregates (as
extinction of the samples), exhibits a nonlinear decrease on
increasing the initial dye concentration (Figure 4, left panel).
Given that the intensity of scattered light is an indirect measure
of the aggregate size, this evidence suggests that, on increasing
the porphyrin concentration, the aggregation rate increases and
the size of the final aggregates decreases. These results are
consistent with previous observations,33 which can now be
explained as due to rapid nucleation preceding the growth of
ordered structures. On increasing the concentration of the
reagents, a larger number of initial nuclei are quickly formed,
leading to aggregates of smaller sizes.52 Figure 4 (right panel)

shows that the values of the g factor as a function of the
corresponding intensity of the RLS, i.e., the size of the
aggregates, obey a scaling law of the type g ∝ IRLSβ (β = 2.4 ±
0.2, R2 = 0.98). This observation suggests that, similar to what
is observed in a confined environment,26 (i) a very efficient
mechanism for the chirality propagation is operating within
these aggregates, and (ii) the dissymmetry factor g decreases as
the rate of aggregation increases.
In conclusion our results strongly suggest that, whatever the

source of the chiral bias promoting symmetry breaking, the rate
of the aggregation process leading to the formation of J-
aggregates strongly affects the size of these nanoassemblies and
the chiral induction. Whether the observed nulling effect on
electronic CD spectra is due to an effective racemization upon
increasing the aggregation rates or to a lower efficiency in
transmitting chirality in small nanoaggregates26 is still an open
question. These data provide an explanation for the apparent
discrepancy in the literature as to the chirality observed using
very different initial conditions. To the best of our knowledge,
this report represents the first detailed kinetic investigation, in
an aqueous solution, to demonstrate the fundamental role of
kinetic parameters in the expression and transmission of
chirality in supramolecular systems.
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