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effects extended into a J-
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The relationship between the acid–base chemistry and the supramo-

lecular behavior of 5-(4-aminophenyl)-10,15,20-tris(4-sulfonatophenyl)

porphyrin in acidic water is reported. A new species exhibiting

a prominently red-shifted Q-absorption band at 742 nm is described

which is in accordance with a hyperporphyrin-type spectrum of a J-

aggregate in water. UV-vis spectroscopy and peak force microscopy

reveal that depending on the pH value of the medium the porphyrin

self-assembles into two structurally different mesophases which can

be reversibly interconverted at will.
Self-organized materials obtained from the self-assembly of
monomers that form J-aggregates1 arranged in a regular fashion
are nowadays promising candidates with potential applications
in energy and electron transfer processes in nanostructured
materials. In this regard, supramolecular homoassociates of
water-soluble porphyrins have received much attention.2

Inspired both by the hyperporphyrin aggregates described
for the rst time by Monsù Scolaro et al.3 using hydroxy-
substituted porphyrins and by the more recent report by
Wamser et al.4 on the acid–base chemistry of amino-substituted
hyperporphyrins in organic media, we set forth to investigate if
both approaches could converge using the water-soluble 5-(4-
aminophenyl)-10,15,20-tris(4-sulfonatophenyl)porphyrin
(TPPS3NH2, Scheme 1) as a suitable monomeric building block
with the aim to compare its supramolecular behavior with that
of the well-known 5,10,15,20-tetrakis(4-sulfonatophenyl)
porphyrin (TPPS4).5 The results of our investigation are pre-
sented in what follows.

The spectrophotometric titration6 of TPPS3NH2 (species of
Fig. 1) could not be conveniently performed in buffered solu-
tions at different pH values owing to an enhanced propensity of
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this porphyrin to aggregate in solutions of high ionic strength
(see below). Instead, a 1.4� 10�6 M aqueous solution of the free
base form was titrated with sulfuric acid without any interfer-
ence from the presence of aggregated species (ESI†). In spite of
sharp isosbestic points in the spectrophotometric titration
(ESI†), only a rough average value for (pKa1 + pKa2)/2 ¼ 5.06 �
0.02 corresponding to the transition from the free base
porphyrin to the diprotonated form (protonation at the inner
pyrroleninic nitrogen atoms, Fig. 1) could be measured. This
was caused by the unusually high presence of the monoproto-
nated species7 as a consequence of its stabilization originated
by the electronic conjugation between the protonated central
nitrogen atom the peripheral unprotonated amino group.4‡
However, although the presence of the lateral amino group does
indeed seem to stabilize the monoprotonated form as reported,4

it does not have a substantial effect on the basicity of the central
Scheme 1 Chemical structure of TPPS3NH2 and its schematic
representation used in this communication.
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Fig. 1 UV-vis spectra of an aqueous 1.40 � 10�6 M solution of TPPS3NH2 at different pH values (H2SO4); continuous line: free base porphyrin
monomer (pH ¼ 7.0); bold line: the diprotonated monomer showing a hyperporphyrin-like spectrum (pH ¼ 4.0); dotted line: triprotonated
monomer (pH ¼ 1.0). For the whole quantitative spectrophotometric titration of the porphyrin see the ESI.† Inset: supramolecular aggregates of
the acidic forms of TPPS3NH2 at different pH values; continuous line: a 6.25 � 10�6 M solution of TPPS3NH2 in an aqueous buffer at pH ¼ 4.0
(AcOH, AcONa 0.1 M) in which the aggregates of the diprotonated form predominate; dotted line: a 1.47 � 10�4 M solution of TPPS3NH2 in
aqueous HCl 0.1 M corresponding to the aggregates of the triprotonated zwitterionic form; the presence of residual monomeric units is evident
from the shoulder at 433 nm.
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core of the porphyrin ring in water.6 It had already been
unambiguously established that the inner pyrroleninic nitrogen
atoms of the macrocycle are more basic than the peripheral
meso-4-aminophenyl group,4,8 as we could corroborate during
the titration of TPPS3NH2. Then, the pKa value determined for
the meso-anilinium cation was found to be: 2.84 � 0.02, corre-
sponding to a basicity more than two orders of magnitude lower
than that of the central nitrogen atoms. As a consequence,
solutions of the monomeric free-base, diprotonated, and tri-
protonated forms can all be adequately obtained so that their
UV-vis spectra can be recorded as individual species (Fig. 1 and
Table 1). The spectrum of the free base shows the expected
absorption bands for a monosubstituted meso-4-amino-
phenylporphyrin.4 Upon diprotonation of the inner nitrogen
atoms a distinctive hyperporphyrin spectrum showing a split
Soret band together with an unusually red-shied Q-band is
recorded, in accordance with the presence of the conjugated
amino group.§ Further protonation at the anilinic amino group
results again in the typical absorption of the diacidic form of
Table 1 UV-vis absorption data [lmax nm (3)] of the monomeric
species of TPPS3NH2 corresponding to the spectra in Fig. 1

Free base Diprotonated form Triprotonated form

415 (320.000) 423 (135.000) 434 (362.000)
519 (13.400) 436 (126.400) 593 (5.700)
560 (9.100) 610sh (6.900) 645 (35.000)
579 (7.900) 669 (33.900)
639 (4.100)

3354 | RSC Adv., 2017, 7, 3353–3357
a porphyrin protonated at both inner pyrroleninic nitrogen
atoms without any hyperporphyrin features in the spectrum.4

We then studied how the protonation state of the peripheral
amino group affected the supramolecular behavior of the
porphyrin and the electronic properties of the aggregates, in
comparison to the currently well-known example of TPPS4.5 In
relation to its tetrasulfonated counterpart, TPPS3NH2 was found
to have an increased propensity to homoassociate. Already at
micromolar concentrations of the porphyrin, an order of
magnitude lower than for TPPS4 (ESI†), aggregates could be
detected by UV-vis spectroscopy, both in aqueous HCl 0.1 M
(triprotonated form, –NH3

+) and in AcONa/AcOH 0.1 M buffer at
pH¼ 4.0 (diprotonated form, –NH2). The UV-vis spectra of these
aggregated species are presented on the inset of Fig. 1. The
absorption spectrum of the aggregates of the triprotonated form
[lmax: 418 nm (H-agg.); 486 nm (J-agg.); 630sh nm; 666sh nm; 696
nm] is very much in line with the typical spectrum of those of
TPPS4,5 whereas, remarkably, the spectrum of the aggregates of
the diprotonated form is clearly different. In this last case,
although the maximum absorption of the J- and H-aggregates is
almost unaltered (482 nm and 418 nm respectively), the
absorption band of the J-aggregate is clearly wider and there is
amost signicant red-shi of a Q-band displaced to 742 nm.We
attribute these changes in the J-aggregate absorption band to
a hyperporphyrin effect caused by the electronic conjugation of
the lone pair of the basic peripheral amino group3,4,9 with the
exciton band of the aggregate in analogy to what is observed for
the corresponding diprotonated monomeric species. It is also
signicant that when the amino group is not protonated, even
This journal is © The Royal Society of Chemistry 2017
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at porphyrin concentrations as low as 10 mM the presence of the
monomer is not detected. Yet another difference between both
types of aggregates is that the triprotonated form (–NH3

+) easily
occulates in the solution{ while the diprotonated form (–NH2)
does not. In addition, both different aggregates (–NH3

+/–NH2)
can be reversibly interconvertedmerely by changing the pH of the
solution once the mesophases are already formed (ESI†). Notice,
however, that increasing the acidity of the medium to the extent
that the sulfonato groups become protonated (pH� 0) results, as
expected, in the total disappearance of the aggregates.

The acid–base reversibility between both aggregates is also
evidenced by peak force microscopy (PFM) measurements
(Fig. 2). The mesophases deposited onto highly ordered pyrolytic
graphite from a solution that shows an electronic spectrum with
the hyperporphyrin absorption bands are very regular (aqueous
HCl solution of TPPS3NH2 at pH ¼ 4.0 obtained from the addi-
tion of a concentrated solution of the sodium salt of the free base
porphyrin over the acid and le to aggregate for 24 hours leading
to a solution with the expected UV-vis spectrum). In this case,
wide plate-like structures consisting of monolayered 2-D aggre-
gates appear on the graphite surface showing regions in which
the at structure is partially folded into a bilayer (3.7 nm of
height) in analogy to what has been reported for other porphyrins
bearing hydrophobic meso-substituents.10 When an analogous
solution of TPPS3NH2 is similarly prepared but at lower pH values
so that the amino group is protonated (aqueous HCl solution, pH
¼ 1.3, with a UV-vis spectrum showing the predominance of the
aggregates of the triprotonated form), only particles of different
heights corresponding tomultilayered structured can be detected
(ESI†). The reversible interconversion between both types of
aggregates was also corroborated by PFM: when a typical solution
of TPPS3NH2 at pH ¼ 4.0 showing the folded mesophases is
further acidied to pH ¼ 1.0 with HCl, the folded structures do
disappear, smaller aggregates form and occulate, and again
only irregularly shaped multilayered structures can be detected
on the HOPG surface.

It is now rather well-established how the number and relative
position of the anionic sulfonato groups in the para-position of
the meso-phenyl groups of a protonated tetraphenylporphyrin
Fig. 2 PFM images (topographical map) of TPPS3NH2 aggregates
deposited on highly ordered pyrolytic graphite (HOPG) from an 8.8 �
10�5 M aqueous solution of the porphyrin at pH ¼ 4.0 (HCl). The inset
shows the height analysis of the section of the spiral structure folded
so as to form bilayered regions.

This journal is © The Royal Society of Chemistry 2017
determine the shape of their self-assembled mesophases and,
hence, some of their properties like chirality expression at the
mesoscopic scale.11 The results presented herein based on the
tunable amino group (neutral vs. positively charged) at the
periphery of the macrocycle show that not only the electronic
properties of the J-aggregates can be effectively controlled at will,
but also provide further evidence on how the supramolecular
architectures of the aggregates can indeed be now predicted to
a reasonable extent. The experimental results reported above can
be reasonably interpreted as depicted in Scheme 2. Inasmuch as
there are two opposite meso-4-sulfonatophenyl groups in TPPS3-
NH2, the porphyrin is able to form aggregates via the same basic
supramolecular pattern than TPPS4.12 In a rst stage, oligomeric
aggregates of the porphyrin further self-assemble into a two
dimensional sheet-like structure consisting of J- and H-
aggregates by the interaction of two opposite sulfonato groups
of the same molecule with the positively charged central
protonated pyrroleninic nitrogen atoms of adjacent units,
together with p–p interactions and hydrophobic effects. There-
upon, the out-of-plane 5-(4-aminophenyl) and 15-(4-sulfonato-
phenyl) groups can give rise to different stereoisomers of the
porphyrin aggregates depending on the tacticity of these lateral
groups in relation to the 2-D supramolecular sheet.13 Depending
on the protonation state of the amino group, the conspicuously
different growth of the particles that leads to two distinctive
mesophases can be rationalized as follows: when at lower pH
values the peripheral amino groups are protonated, multilayered
structures can easily grow owing to interlayer coulombic inter-
actions (Scheme 2); this fact, together with the total charge
compensation in the zwitterionic nature of the triprotonated
Scheme 2 Schematic representation of the different 3D packing
motifs of the 2D sheet-like supramolecular structure of the TPPS3NH2

aggregates depending on the protonation state of the peripheral
amino group.
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species accounts for the increased tendency of the porphyrin
to occulate. The bilayered structures, however, can be
exclusively self-assembled when the amino groups are in their
basic neutral form and a large enough region of the monolayer
rearranges itself into an isotactic pattern with all the 4-ami-
nophenyl groups on the same side of the 2-D structure. In this
way, the supramolecular structure as a whole can gain addi-
tional thermodynamical stabilization owing to these supple-
mentary interlayer hydrophobic and aromatic p–p interactions
provided by folding.

In summary, we report a new type of J-aggregate in water that
exhibits a pH-activatable hyperporphyrin type absorption spec-
trum obtained from self-assembly of a meso-sulfonatophenyl-
substituted porphyrin. In addition we have shown how the
origin of the unusually red-shied absorption Q-band of the J-
aggregate is unambiguously correlated to the protonation state
of the peripheral p-aminophenyl group of TPPS3NH2. In this way,
the electronic characteristics of the J-aggregates can be reversibly
tuned depending on the acidity of the media. This fundamental
result may be of potential applicability for the design of novel pH-
switchable self-assembled functional materials which optical
properties in the near-infrared are based on a programmed
response of the porphyrinic J-aggregates.
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Notes and references
‡ When the titrations of TPPS3NH2 were performed with methanesulfonic acid in
DMSO the results paralleled those reported for 5-(4-aminophenyl)-10,15,20-tris(4-
carbomethoxyphenyl)porphyrin to the minor detail (ref. 4). However, when the
titration was performed in water with sulfuric acid, although a signicant pres-
ence of the porphyrin monocation could still be inferred, an increase of the
intensity of the Soret band similar to that reported in ref. 4 was not observed
(ESI†).

§ The split Soret band by 13 nm together with the red-shied Q bands and the
decreased 3 value depicted in Fig. 1 remain unaltered at the concentration limit of
the UV-vis technique (TPPS3NH2 �10�7 M); in addition, we were unable to detect
any resonance light scattering signal in this solution. The typical hyperporphyrin
electronic spectra arise in transition metalloporphyrins as a consequence of the
interaction between the porphyrin molecular orbitals and the p or d orbitals of the
central metal atom (ref. 9). In the case of meso-aminophenyl substituted
porphyrins with four hydrogen atoms in the core of the macrocycle, the same type
of hyperporphyrin electronic spectra arise through the interaction of the periph-
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(ref. 14).

{ We have observed a similar behavior in all the members of a series of 5-(aryl-or-
heteroaryl)-10,15,20-tris(4-sulfonatophenyl)porphyrins in which there are three
negatively charged peripheral sulfonate groups plus a fourth substituent bearing
a positive charge. Unexpectedly, none of these porphyrins lead to solutions with
detectable CD-signals during their supramolecular homoassociation process in
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partially sulfonated counterparts. The results will be published elsewhere in due
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