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ABSTRACT



In natural light-harvesting systems, chirality represents a crucial point being one of the recurrent
motifs. The ability to tune supramolecular chirality both on nano and meso scale is a key topic on the
design of mimetic antenna systems. Here we describe a non-covalent approach to achieve mesoscopic
clusters, based on spermine and the diacid form of TPPS, porphyrin, having a sea urchin-like
morphology, whose chirality can be induced by the presence of L- or D-tartrate under mild acidic
conditions. The mechanism proposed for the formation of these clusters deals wiht the formation of
peculiar optically active J-nanoaggregates, which serve as nuclei for further growth into mesoscopic
structures. Poly(vinylsulfonate) has been used to scavenge the polyamine and thereby foster
disaggregation. The kinetics of this process show a biphasic behavior characterized by a rapid
removal of spermine externally bound to porphyrin monomeric units followed by a stripping-out of
the polyamine which is tightly bound to the J-nanoaggregates. A careful choice of experimental
conditions allows precise control of the disaggregation kinetics, leading to the isolation of J-
nanoaggregates. These latter species exhibit chirality even in the absence of a chiral inducer. This
feature, together with the anomalous behavior of the CD signal of the mesoscopic aggregates
containing optically active tartrate, have been explained in terms of screening hypochromism,

differential scattering and structural rearrangements.

INTRODUCTION

Supramolecular aggregates of porphyrins and related macrocycles have been extensively
investigated due to their similarity to biologically-relevant light harvesting antennas. !-? In particular,

the so-called porphyrin “J-aggregates” have attracted a large interest. 3-'8 These latter are molecular



dyes aggregates noteworthy in displaying both a very intense and narrow absorption peak, namely
known as a J-band, largely red-shifted with respect to monomer absorption. An intriguing property of
these supramolecular assemblies of achiral monomers is the appearance of chirality induced by chiral
biases such as: i) chiral templating agents ®!°-2°_ ii) vortex motion, 222 iii) stirring, 2223242527 jv)
application of rotational, gravitational and orienting forces 2® and v) weak thermal forces acting as an
asymmetrical physical perturbation.” Tetra-anionic meso-tetrakis(4-sulfonatophenyl)porphyrin
(TPPS,) has been most extensively explored, and has been proved to form such J-aggregates
consequent to acidification and/or by the interaction with cationic species. 33 13:17.30.31.32.33 A geries of
studies have demonstrated the presence in solution of assemblies whose size ranges from nano up to
the micrometer scale. 31617 Various spatial arrangements have been proposed, although most
evidence points to a nanotube-like structure. 30-3436.37-3% A transition between rod-like and fractal
structures has also been proved, emphasizing a structure-dependent optical activity induced by a
chiral template, thus raising an intriguing question about transmission of chirality from a local or
molecular level up to the mesoscopic regime.?! When spermine is used as a cationic template, features
of these fractal structures include a large enhancement of resonant Raman and Rayleigh light
scattering, an unusually broad J-band, and a non-zero extinction coefficient throughout the visible
range. 33404 In the present paper, we describe the formation of chiral J-aggregates of TPPS, under
mildly acidic conditions in the presence of spermine, with added optically active tartrate as chiral
inducer. We also wanted to consider an equally important and largely unexplored area of

supramolecular chemistry, assembly degradation. Compared to aggregation, the reverse process



(disaggregation) has received little attention and it has been poorly described in the literature, thus far,

for a very few examples. 4>

In particular, neither aggregate properties nor solution conditions under which disruption of the self-
assembled structures occurs, have been outlined. Consequently, further research is required due to the
importance that chemical modulation takes in the disassembling of such supramolecular systems and
notably for the implications in the study of aggregation diseases. In the present case, the mesoscopic
networks can be easily converted back to the monomeric state through the isolation of J-
nanoaggregates building blocks by adding a highly charged polyanion, thus revealing chiroptical

properties of meso and nano structures.

EXPERIMENTAL SECTION

The porphyrin meso-tetrakis(4sulfonatophenyl)porphyrin was purchased from Aldrich Co. as
tetrasodium salt (> 98% pure). Aqueous concentrated solutions of the porphyrin (1-2x10* M) were
prepared in dust-free Millipore water, stored in the dark and used within a day of preparation.
Porphyrin solution concentrations were determined spectrophotometrically in water at neutral pH and
zero ionic strength by using the value of the molar extinction coefficient at the Soret maximum (g414 =
5.33x10° M ecm!).3° Poly(sodium vinylsulfonate) (PVS) was purchased from Sigma—Aldrich Co.
(molecular weight ranging from 4000 up to 6000, 25% by weight). Polyelectrolyte concentration,
expressed as moles of sulfonate units per liter, was obtained by weighing. Each polymer chain has a
length of about 100 A and supports about 38 sulfonate residues, which are approximately 2.5 A apart

from each other.”' To avoid or minimize dust contamination, special care was taken by filtering all the



stock solutions through 0.22 um Millipore filters. Spermine (1,12-diamino-4,9-diazadodecane) was
purchased from Sigma. The pH values of the investigated samples were measured by using a
Metrohm 744 pH meter (Metrohm, Herisau, Switzerland) by inserting a micro pH combined glass
electrode. Samples of J-aggregated diacid TPPS, were prepared following a mixing protocol which
involves the addition of a known volume of concentrated stock solution of spermine (100 uM) to a
solution of porphyrin (3 pM) in 10 mM citrate or tartrate buffer at pH 3.2. In the case of
disaggregation experiments promoted by the polymer and intended for the study of the effect of PVS
load, in order to minimize any error, it was necessary to manage a starting J-aggregate system as
reproducibly as possible. Taking advantage of the stability of the aggregated system within 24 hours
of its preparation, we proceeded to its formation in special vials taking into account a suitable volume
of reagents such as to allow an adequate number of disaggregation experiments (typically at least a

dozen). Milli-Q water was used throughout.

RESULTS AND DISCUSSION

At pH 3.2 in tartrate buffer (10 mM) the UV/Vis spectra of TPPS, (3 uM) show the presence of the
diprotonated monomeric porphyrin with a B-band at 434 nm (Figure 1a, dashed line). Under these
mildly acidic conditions, TPPS, does not aggregate even after prolonged standing. However, upon
addition of spermine (100 uM) evidence for extensive self-aggregation of the porphyrin is obtained:
there is a marked decrease of the initial B-band concomitant with an increase of a new broad feature
with maximum at 492 nm accompanied by a shoulder on its red-edge side (Figure 1a, red solid line).

Although found at this same characteristic wavelength, this feature differs considerably from the usual



sharp band reported for TPPS, J-aggregates.!? In addition, extinction throughout the entire visible
range (to well above 800 nm) is observed. In Figure 1b the corresponding kinetic profiles for the
TPPS4/spermine aggregation are reported, exhibiting a sigmoidal behavior characterized by the
presence of an initial induction period in the early stage, a profile very similar to that observed for the
aggregation of TPPS, in strongly acidic aqueous solutions.’ Previous investigations have shown that
this type of profile is strongly affected by the mixing order of the reagents which influences the
dynamics of growth and eventually both morphology and size of the assemblies.*> A kinetic analysis
of the extinction/time traces at 434 and 492 nm has been performed by using an autocatalytic model
that assumes a rate determining step in which a “critical size” assembly forms, catalyzing further
growth.>? The rate constants for the uncatalyzed pathway, &, and for the catalyzed pathway, k., have
relative values of about 1:15 and are in the range typical reported in the literature for similar
processes.>® Therefore, experimental data suggest as the autocatalytic pathway becomes more relevant
compared to the parallel uncatalyzed process, being the former essentially promoted by the formation
of germinal nuclei. The latter, with time, become even larger as monomers self-assemble so leading to
the formation of highly reactive units. In this regard, the critical size for the nuclei, m, is between 5
and 6 interacting units and the time exponent n, that indicates the evolution of the fractal growth, is
about 6. These findings are in line with previous results, suggesting as small oligomers in which the
spermine acts as sticky agent, should be suitable as critical nuclei in the growth of J-aggregates.’? The
formation of mesoscopic aggregates in which porphyrins are electronically coupled causes an almost
complete quenching of fluorescence emission and gives rise to a large enhancement of the resonant

light scattering®* at the red-edge of the extinction peak (Figure 1c). These aggregates are stable in



solution for a day or more after their preparation. The observed optical features are very similar to
those obtained using citrate buffer at lower pH and they have been explained in terms of dipole-dipole
(rather than Frenkel exciton) coupling among individual porphyrins belonging to the extended
network formed by the J-aggregates and spermine.*-3* As expected for an achiral building block,
when citrate is used as buffer, under the aforementioned experimental conditions, the obtained
aggregates are not optically active as evidenced by silent circular dichroism spectra. In contrast, when
L-tartrate buffer is used, quite strong bisignate CD signals having a positive Cotton effect are induced
at 492 nm (J-band) and a somewhat weaker feature at 424 nm (H-band) is seen (Figure 1d). The CD

spectra obtained for the enantiomeric D-tartrate are almost mirror images as expected.
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Figure 1. a) Extinction spectral changes for TPPS, J-aggregates induced by spermine (red solid
line) starting from diacid monomeric porphyrin (dashed line); b) UV-vis corresponding kinetic

profiles evaluated at A = 434 (black full circles) and 492 nm (red open circles) (The kinetic analysis



according to eq. 1 gives: kg = 4,6x10+£5x107; k. = 7,32x103+1x103; m = 5.6+0.1; n = 6.4+0.2; R, =
0,99928); c) RLS spectrum feature recorded at the end of the aggregation process induced by
spermine; d) Comparison among the CD spectra of the TPPS, aggregated solutions induced by L-
tartrate (red solid line), D-tartrate (black dashed line) and citrate (black dotted line). Experimental

conditions: [TPPS,] = 3 uM; [Spermine] = 100 uM; 10 mM buffered solution at pH = 3.2; T = 298K.

According to our previously reported model for this supramolecular system,3?-3%4 nano-sized rod-
like J-aggregates of the diacid TPPS, porphyrin are stabilized primarily via electrostatic interactions
acting among adjacent porphyrins and involving the protonated cationic spermine. These nano-
assemblies, together with porphyrin monomers, are embedded in a mesoscopic network in which
spermine also plays an important role as bridging reagent. On the basis of this model, we thought it
potentially enlightening to formulate a strategy to remove the cationic templating reagent and,
thereby, disassemble the network. For this purpose we selected sodium poly(vinylsulfonate) (PVS), a
highly negatively charged polyelectrolyte which has proven to be a very effective scavenger for
positively charged polyamines. All these experiments were performed with fully formed, equilibrated
spermine-induced porphyrin J-aggregates and a significant aspect of this study is how the efficiency
of the process is related to the “load” of polymer employed. In the case of clusters obtained in the
presence of D- or L-tartrate, below a polymer concentration value of 600 uM, nothing significant
happens in terms of aggregate disruption, apart from an instantaneous large baseline upward shift
exhibited in the extinction spectra (data not shown), followed by partial precipitation within a couple

of hours. This behaviour is ascribable to the fact that, once the excess spermine, not involved in the



formation of the colloidal aggregate “°, has been neutralized by the polymer, the system undergoes
charge neutralization, becoming unstable. An incipient disassembling of J-aggregates takes place
above this concentration threshold, ranging between 600 and 900 uM (Figure S1, see SI). Extinction
spectra show both a hypochromic effect in the aggregate region and a corresponding larger
hyperchromic effect in the Soret region consistent with the restoration in solution of free diprotonated
monomeric porphyrin. As evidenced by both kinetic profiles at 492 and 434 nm the disassembling
process is quite slow. The temporal evolution of both circular dichroism (70% of hypochromicity) and
resonance light scattering spectra (45% loss of intensity) are again consistent with the occurrence of
porphyrin J-aggregates disassembling, a process that, under these experimental conditions, does not
go to completion. Figure 2 shows an overview of the spectroscopic feature changes after the addition
of about a 10-fold excess of PVS with respect to TPPS4/spermine clusters obtained in the presence of
L-tartrate. As expected, the disassembling process is faster than earlier as a consequence of increased
PVS load. In the UV/Vis spectra (Figure 2a), initially the red-edge shoulder of the 492 nm band
rapidly decreases leading to a previously undetected and unusual sharpening of this feature (more
evident in the inset) and to a parallel increase of the absorbance at 434 nm, corresponding to the
release of the diacid porphyrin. This step is afterwards followed by a slower disappearance of the 492
nm band and by the corresponding formation of fully monomeric diprotonated TPPS., a process that
can be readily interpreted by the corresponding kinetic profiles reported in Figure 2b, which shows
the aforementioned biphasic behavior. Indeed, a kinetic analysis of the spectral changes at 434 nm has
been performed according to a biphasic pseudo-first order model, indicating that the release of the

free monomer in solution occurs in an initial quite rapid step, followed by a slower one. The kinetic



rate constant for the first step is in good agreement with the kinetic evolution of extinction at 800 nm
that can be described as a pseudo-first order process. On the other hand, the evolution of the
extinction at 492 nm after an initial period showing minimal changes, evolves with pseudo-first order
kinetics, whose observed rate constant matches closely the slower step detected at 434 nm. The
disassembling of the porphyrin clusters is once again proved by resonance light scattering profiles
from which, similar to what was observed in the extinction spectra, it is possible to distinguish
biphasic behavior for the disappearance of the aggregated species (Figure 2¢). More specifically, the
addition of polymer leads the broad RLS feature (corresponding to porphyrin clusters) first to be
gradually blue-shifted (AA=14 nm), then to a simultaneous and progressive narrowing and large
increasing of the RLS intensity, reminiscent of porphyrin J-aggregates having a rod-like structure.?!
After the signal has reached a maximum intensity value, a slower decreasing of the RSL intensity
follows until a set of spectral features are reached, consistent with the absence in solution of large
porphyrin aggregates. The signal is only slightly larger than that of the neat solvent and shows a
“well”, corresponding to the B-band due to photon loss due to absorption. The biphasic behavior of
the kinetics fostered by PVS is shown in the inset of Figure 2¢, where the time trace of RLS intensity
collected at 496 nm closely resembles that observed in the extinction at 492 nm (on the J-band),
reported in Figure 2b. A further confirmation of the disassembling process arises from the
corresponding circular dichroism spectral changes. Soon after adding PVS, the broad positive
component of the 492 nm J-band initially sharpens and slightly increases in intensity, due to the
decrease of the differential scattering contribution.’:% Subsequently, once again, all the bands in the

CD spectra decrease in intensity, eventually approaching zero (Figure 2d). When D-tartrate is used as



buffer, all the general kinetic behavior fostered by PVS is similar to that observed with L-tartrate with
respect to both intensity of signals and disassembly kinetic rates as showed in Figure S2 (see SI).
When meso-tartrate buffer is used to prepare the J-aggregates, the final CD spectra of the clusters
after complete aggregation are silent. Upon addition of an excess of PVS, a weak positive bisignate
CD band develops corresponding to the intermediate formation of the nano-aggregates which
eventually disappears (Figure S3a, see SI). On the other hand, the employment of DL-tartrate leads to
a pattern similar to that of L-tartrate buffer but characterized by much weaker signals (Figure S3, see
SI). These experimental findings allow us to propose a hypothetical mechanism for the assembling

and disassembling process here investigated (Scheme 1).

Ext. / abs. unit

0.5+

Ext. / abs. unit
Ext. / abs. unit

0.5+

{ BT 10
0.0 Filpen ‘ Se——— ) w

400 500 600 700 800 900 0.0

t/s

Int. / arb. unit
6/ mdeg

460 480 500 520
A/ nm A/ nm

Figure 2. a) Extinction spectral changes for TPPS, J-aggregates (red solid line) disassembling process
on adding PVS. The inset shows an enlarged portion of the extinction spectrum corresponding to the

J-band feature; b) UV-vis corresponding kinetic profiles evaluated at A = 434 (black full circles), 492



nm (red open circles) and 800 nm (blu full squares) (A =434 nm, ks = 0.0945 + 0.001 s7!; kopsr =
0.0118 £0.0001 s!, R?>=0.9986. A = 800 nm, ks = 0.100 £ 0.002 s!, R>=0.9869. A = 492 nm, K, =
0.0086 + 0.0001 s!, R?>=0.9935); c) RLS spectral features changes for TPPS, J-aggregates (red solid
line) on adding PVS. The inset shows the relative kinetic profile followed at 496 nm; d) CD spectral
changes for TPPS, J-aggregates (red solid line) on adding PVS. Experimental conditions: [TPPS,] = 3
uM; [Spermine] = 100 uM; [PVS] = 1100 uM; [L-Tartrate] = 10 mM buffered solution at pH =3.2; T

=298K.

The diprotonated porphyrins self-assemble into small nano-arrays in which the basic interaction is
the mutual electrostatic attraction between negatively charged sulfonate groups and positively charged
pyrroles of adjacent macrocycle cores. Spermine is fully protonated at pH 3.2, a pH value fairly high
with respect to that needed for porphyrin aggregation in the absence of a templating reagent, so it
provides a pathway to lower the kinetic barrier for the approach of diprotonated TPPS, units that
remain negatively charged at the periphery (Scheme 1, step 1 forward). The optically active tartrate
anion provides a chiral bias to the oligomers. Once the initial chiral nuclei are formed, they constitute
the building blocks for further aggregation processes leading to much larger clusters. These nano-
clusters extend mainly by self-assembling of monomers onto the initial aggregates (Scheme 1, step 2
forward). This growth mechanism leads to a mesoscopic network 3’ that, considering the low ionic
strength conditions, is stabilized by the presence of the cationic polyamine. This latter acts either as an

efficient capping reagent lowering the electrostatic repulsion, or by directly bridging different nano-



assemblies. In either case, the resulting clusters can still embed residual monomeric porphyrin due to
the large excess of spermine. This hypothesis is supported by the occurrence of broad spectral features
in the UV/Vis spectra, due to a dipole-dipole exciton coupling mechanism. 33: 57 Dynamic light
scattering (DLS) measurements also confirm the presence in solution of micrometer-sized particles
(142 = 0.26 pm) with an intermediate, moderately polydisperse distribution size (0.38). The
morphology of these aggregates has been obtained by scanning electron microscopy (SEM). Figure 3
shows the SEM image of a sample on a glass substrate from which the aforementioned mesoscopic
network clearly appears as large sea urchin-like clusters with sizes spanning up to a few micrometers,
constituted by smaller rod-like or nanotubular aggregates originating from common nuclei. These last
findings achieved on glass surfaces agree with previous results obtained in solution by means of
scattering techniques and focusing on the formation of micrometric objects having a fractal
morphology and exhibiting highly peculiar optical properties. - On adding the high density
negatively charged-polymer (PVS) to these supramolecular structures, the experimental findings show
a multiphasic process involving the following steps: i) an instantaneous electrostatic interaction
between PVS and the tetracationic polyamine in excess not involved in the network (this step does not
lead to any detectable spectral change); ii) an initial rapid removal of the positively charged spermine
responsible for the stabilization of the mesoscopic network, thus releasing both free nano-assemblies
and monomeric diprotonated TPPS, (Scheme 1, step 2 reverse); iii) a slower stripping out of the
spermine involved in the electrostatic interactions inside the nano-assemblies (Scheme 1, step 1

reverse). The electrostatic interaction in the preliminary stage of re-verse step 2 is faster than the



mixing time being not detectable. On the other hand, the reverse step 2 is strictly dependent on

polymer concentration being striking over a threshold value of 900 pM.
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Scheme 1. Schematic model for J-aggregation of TPPS, induced by spermine and disassembling

process promoted by poly(sodium vinylsulfonate).

This stage can be conveniently monitored through any of several spectroscopic techniques. It
consists of a progressive blue shift and sharpening of the broad extinction feature, followed by a rapid
increase of the J-band component. This latter achieves its maximum intensity in a time that is well
matched with other experimental techniques. A further confirmation of the intrinsic nature of the
mesoscopic disassembling process arises from the behaviour of the extinction kinetic profile followed
at 800 nm (Figure 2b), a wavelength that does not match the absorption neither of the clusters, nor of
the nano-assemblies. At this wavelength, the extinction is essentially ascribable to Rayleigh scattering
contribution determined by the mesoscopic structure. The time evolution of this feature reaches a
minimum intensity when the corresponding maximum of the J-band at 492 nm reaches its maximum
intensity. This observation is an indirect proof that reverse step 2 is the disassembling of the

mesoscopic structure into the basic nano-assemblies.
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Figure 3 SEM image of clusters deposited on glass from aqueous solutions at pH 3.2 (T =298 K,

gold-coated).

As these latter structures are formed, they can be stabilized with respect to the subsequent
disassembling step simply by adding a stoichiometric amount of additional spermine in order to
neutralize the polymer load. Under these experimental conditions, the system is stable over time and
the isolated 492 nm J-nanoaggregates have been characterized through DLS and SEM analysis. The
former technique showed a monodisperse particle size distribution (0.12) with a corresponding
particle diameter of 150 + 5 nm. SEM revealed the presence of individual nano-objects spatially
isolated on the surface with a size range spanning from approximately 100 to 300 nm (Figure 4). A
residual amount of spermine covering the individual nano-objects is clearly detectable. In this
framework, the reverse step 1 depicted in Scheme 1 is slowest, due mainly to the more difficult
removal of the charged spermine that is intimately part of the structure of the nano-assemblies
structure. The use of PVS aimed at the disassembling of TPPS,/spermine clusters obtained in the

presence of optically inactive citrate buffer (Figure S4, see SI), leads to some spectroscopic feature



changes identical to those observed in tartrate buffer. Nevertheless, the most striking aspect is the
unexpected onset of chirality whereas the initial mesoscopic structure shows no induced circular
dichroism signal. Figure 5 reports the temporal behaviour of CD spectra on adding PVS that show a
quite strong bisignate CD signal having a positive Cotton effect induced at 492 nm (J-band). Its
intensity decreases to zero in a time corresponding to complete disassembling, as observed via other
spectroscopic techniques (Figure S4, see SI). The observation of induced CD signals appearing during
the second stage of the disassembling process, confirms once again, the existence in solution of
structures in which porphyrins are self-assembled in either a chiral rod-like or nanotube arrangement.
These results are consistent with observations on the chiral induction of TPPS, J-aggregates in the
absence of any chiral bias.>® The observation of initially silent CD spectra for the J-aggregates
obtained in the presence of citrate and the late manifestation of chirality during the disassembling
process represents an intriguing problem. Nanorods and/or nanotubes are the basic building blocks for
the mesoscopic aggregates. These species are chiral as evidenced by the intermediate CD spectra of
the disassembling kinetics shown in Figure 5. Their spectra exhibit positive bisignate and slight
asymmetric CD bands reminiscent of those reported for J-aggregates obtained under highly acidic

conditions without the presence of any chiral inducer.>




Figure 4 Low (left) and high (right) magnification SEM images of J-aggregates deposited on glass
and obtained by disassembling the mesoscopic structure by means of poly(sodium vinylsulfonate). (T

=298 K, gold-coated).

The absence of CD signals for a mesoscopic structure obtained through a clustering of such chiral
nanoaggregates could be explained by: i) a screening hypochromism mechanism, due to the
interaction of the absorption dipole moment transitions; this mechanism has been invoked to explain
the reduced extinction coefficient at the maximum of the absorption bands in molecular aggregates of
a variety of chromophores, including porphyrins,*® ii) the occurrence of differential scattering for
these large structures; this effect could have a significant impact on the form and the intensity of the
CD features, as reported for various biopolymers;> iii) a rearrangement of the nanoaggregates into
chiral structures, following the removal of the excess spermine and the disruption of the mesoscopic
aggregates and iv) an internal random arrangement of the nanoaggregates into the mesoscopic

structures (see Figure 3), with a nulling effect due to geometrical factors.

Our evidence does not allow us to discriminate which of these is the operative mechanism or if
there is an interplay among some of them. This issue is currently under investigation in our
laboratories. At the moment, we consider mechanism iii less likely because it is already known that J-
aggregates can give spontaneous symmetry breaking and display optical activity, even in the absence

of chiral templating reagents. 3
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Figure 5 Circular dichroism spectral changes for TPPS, J aggregates (red solid line) on adding
poly(sodium vinylsulfonate). Experimental conditions: [TPPS.] = 3 uM; [Spermine] = 100 uM; [PV S]

= 1100 puM; [Citrate] = 10 mM buffered solution at pH = 3.2; T = 298K.

As far as the CD signals detected for spermine induced J-aggregates in the presence of L or D
tartaric buffer, the observation of initial broader and weaker bands that evolve into stronger and
narrower spectral features could be due to the previously cited screening hypochromism mechanism.
It is interesting to note that the sign of the bisignate CD bands is positive for L-tartrate buffer,
mirrored by the spectral features of D-tartrate. These experimental findings are in agreement with
what we previously reported for chiral fractal J-aggregates obtained in solution under higher ionic
strength conditions (NaCl) to foster aggregation,’! or when the aggregates form in the inner water
pool of AOT microemulsions using the same enantiomers of tartaric acid.** With regard the point iv
recently it has been reported as chiral multicromophoric fibers may provide a reversible disassemble

into spherical structures with silent CD spectra by slightly increasing of the solvent polarity .*?



CONCLUSIONS

In conclusion, spermine, a simple tetra-amine compound, is able to foster aggregation of the TPPS,
porphyrin under mild acidic conditions, far different from the usual high ionic strength or acidic pH
values normally required for such processes. The morphology of the resulting mesoscopic system is a
consequence of the kinetics of growth. The tetracationic amine favors the self-assembly of
diprotonated TPPS, units, leading to small nano-aggregates that eventually cluster through the
involvement of an excess of spermine. Elongation and further growth of the nanoassemblies lead to
the final sea urchin-like meso-structures. Dipole-dipole exciton coupling is responsible for the
peculiar spectroscopic features of these supramolecular systems, including the strong enhancement of
resonant light scattering and the general broadening of the UV/Vis spectra. These features are
reminiscent of artificial light harvesting systems. The assembling and disassembling process,
monitored through different spectroscopic techniques, is highly reproducible even in the presence of
different acids. The presence of simple anionic chiral species (D or L-tartrate) in solution directs the
chirality of the resulting aggregates. As already reported for closely related systems the chirality is
expressed both at the nano- and at the meso-scale, being transferred from the chiral tartrate to the
initial nano-aggregates and to the final clusters. More intriguing is the observation of chirality in the
absence of any chiral templating reagents, that is once again related to the ongoing question of the

apparent spontaneous symmetry breaking in TPPS, J-aggregates.>

Supporting Information. The following files are available free of charge.



Experimental Section, Extinction, RLS, CD Spectral changes and kinetic profiles for TPPS, J-
aggregates disassembling process 1) at different PVS load (S1-S2), ii) in presence of meso-tartrate and

DL-tartrate (S3) and iii) citrate (S4).
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1.1 Instruments

UV/Vis spectra were obtained on a Hewlett—Packard 8453 diode array spectrophotometer using 1 cm pathlength quartz cells.
Fluorescence emission and resonance light scattering (RLS) experiments were performed on a Jasco model FP-750 spectrofluorometer
equipped with a Hamamatsu R928 photomultiplier, adopting for RLS experiments a synchronous scan protocol with right angle
geometry ['I. RLS spectra were not corrected for the absorption of the samples. The circular dichroism (CD) spectra were recorded on a
JASCO J-720 spectropolarimeter, equipped with a 450 W xenon lamp. The ellipticity was obtained by calibrating the instrument with a
0.06% aqueous solution of R-camphorsulfonic acid. CD spectra were corrected both for the cell and solvent contributions. SEM images
were obtained by using a field emission Scanning Electron Microscope (Philips mod. XL30 SFEG). A colloidal graphite aqueous base
(TAAB) was used to fix samples on the stab. Additionally, in order to make them electrically active, they were coated with gold.
Hydrodynamic particle sizes and size distributions were measured by dynamic light scattering (DLS) and carried out at 25°C by a
Zetasizer Nano-ZS (Malvern Instruments) equipped with a 633 nm He—Ne laser using backscattering detection. Each DLS sample was
measured several times, and the results were averaged. The kinetic analyses of the extinction profiles have been achieved through a non-
linear fit of the data according equation 1:

(Bxt = Exty, + (Exto - Bxto) (1 + (m — 1) {kot + (n + 1) (k, t)**1})Mm-D (D)

(Ext, Exto and Ext,, are the extinction at time t, at starting time and at the end of aggregation, respectively) 1.

[1] R. F. Pasternack and P. J. Collings, Science 1995, 269, 935-939.
[2] R. F. Pasternack, E. J. Gibbs, P. J. Collings, J. C. dePaula, L. C. Turzo and A. Terracina, J. Am.
Chem. Soc. 1998, 120, 5873-5878.
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Figure S1 a) Extinction spectral changes for TPPS, J-aggregates (red solid line) disassembling process on
adding PVS; b) UV-vis corresponding kinetic profiles evaluated at A = 434 (black full circles), 492 nm
(red open circles) and 800 nm (blu full squares); ¢) RLS spectral features changes for TPPS4 J-aggregates
(red solid line) on adding PVS; d) CD spectral changes for TPPS4 J-aggregates (red solid line) on adding
PVS. Experimental conditions: [TPPS4] = 3 uM; [Spermine] = 100 uM; [PVS] = 700 uM; [L-Tartrate] =
10 mM buffered solution at pH = 3.2; T = 298K.
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Figure S2 a) Extinction spectral changes for TPPS, J-aggregates (red solid line) disassembling process on
adding PVS. The inset shows an enlarged portion of the extinction spectrum corresponding to the J-band
feature; b) UV-vis corresponding kinetic profiles evaluated at A = 434 (black full circles), 492 nm (red
open circles) and 800 nm (blu full squares); ¢) RLS spectral features changes for TPPS, J-aggregates (red
solid line) on adding PVS. The inset shows the relative kinetic profile followed at 496 nm; d) CD spectral
changes for TPPS4 J-aggregates (red solid line) on adding PVS. Experimental conditions: [TPPS4] = 3
uM; [Spermine] = 100 uM; [PVS] = 1100 pM; [D-Tartrate] = 10 mM buffered solution at pH = 3.2; T =
298K.
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Figure S3 Circular dichroism spectral changes for TPPSs J-aggregates on adding PVS in presence of
meso-tartrate (a) and DL-tartrate (b) being the red solid lines corresponding to the spectra recorded at the
end of the aggregation process. Experimental conditions: [TPPS4] = 3 uM; [Spermine] = 100 uM; [PVS]
= 1100 puM; [Tartrate] = 10 mM buffered solution at pH = 3.2; T = 298K.

31



1.5

1.5 ( b )
E e
= % -— o°
c o] = K
> g 5 104
(72} = . .
o 1] 7]
Qo .
R ©
. ~
= % 0.5
x
w i
= e 0.0 Jecoooogs :‘g‘;ﬁé:‘u"fé’a%“a%‘%&'E%‘E%’:“fl&E%%’&aafjﬁw it e
400 500 600 700 800 900 0 200 400 600 800
A/ nm t/s
400+
% 400 (C)
> 300
A 2
+— 300+ iy Zoaoo
c l Py g
=] = 100
< 2001
~
c
— 1001

450 500 550 600
Al nm

Figure S4 a) Extinction spectral changes for TPPS, J-aggregates (red solid line) disassembling process on
adding PVS. The inset shows an enlarged portion of the extinction spectrum corresponding to the J-band
feature; b) UV-vis corresponding kinetic profiles evaluated at A = 434 (black full circles), 492 nm (red
open circles) and 800 nm (blu full squares); ¢) RLS spectral features changes for TPPS4 J-aggregates (red
solid line) on adding PVS. The inset shows the relative kinetic profile followed at 496 nm. Experimental
conditions: [TPPS4] = 3 uM; [Spermine] = 100 uM; [PVS] = 1100 uM; [Citrate] = 10 mM buffered
solution at pH =3.2; T = 298K.
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