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Abstract UV-visible spectral observations indicate that
the J-aggregation of protonated meso-tetra(4-sulfonato-
phenyl)porphyrin ([H,TSPP]*") under acidic conditions
is completely inhibited by the n—m counteraction bet-
ween 1-butyl-pyridinium tetrafluoroborate ([bpy]BF;) and
[H,TSPP]*". The studies also suggest that the intermolecular
n—mn force is of relative importance for the J-aggregates of
[HZTSPP]ZJr and the intermolecular electrostatic force for the
H-aggregates.

Keywords Porphyrin - Ionic liquids - Aggregation -
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Introduction

Porphyrins with a well-extended n-conjugate system are
expected to form highly ordered self-aggregates through
non-covalent interactions, including n—n and electrostatic
force, hydrogen bonding, and charge-transfer interactions
[1-5]. A variety of factors can influence the extent of self-
aggregation, including the nature of porphyrin itself (metal
ion, number and nature of peripheral groups) as well as
external changes like ionic strength, pH, solvent nature,
concentration, etc. [3, 4]. Conventional nomenclature dis-
tinguished J (redshifted)- and H (blueshifted)-aggregate
transitions in which the monomer transition dipoles are
aligned parallel and perpendicular, respectively, to the line
connecting neighboring molecules in the aggregates [5-9].
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In the literature, the aggregation of the ionic water-soluble
meso-tetra(4-sulfonatophenyl)porphyrin sodium ([TSPP]Na,)
[3-5, 10-15] was significantly investigated under suitable
conditions of pH, ionic strength, and different acids by
spectroscopic techniques. However, it is difficult to deter-
mine the relatively important driving force for the
aggregation among the non-covalent interactions like 7—n
force, electrostatic force, hydrogen bonding, and charge-
transfer interactions, and the mechanism of aggregation is
of continuing interest.

In this work we try to prove that m—r interaction is the
predominant driving force for the formation of J-aggre-
gates of [HZTSPP]2+, whereas the electronstatic force is
contributing to the H-aggregation through investigating the
influence of the ionic liquid 1-butyl-pyridinium tetrafluo-
roborate ([bpy]BF4) on the aggregation of protonated
[H,TSPP)*™.

Results and discussion

In NaOH aqueous solution, TSPP exists as an unprotonated
monomer anion with a charge of —4 from the sulfonato
groups, and the Soret band appears at 413 nm. Fig. 1 shows
how the Soret band of protonated diacid of [HZTSPP]2+
evolves as [bpy]BF, is added in HNOj3 aqueous solution (at
pH = 5.1-0.8). At pH 5.1, the diacid monomer corre-
sponding to the weak Soret band at 437 nm just begins to
form (line 1) because the pKa for the protonated diacid of
TSPP is about 5 [16]. At lower pH of 0.8, the characteristic
absorbances of J-aggregates of [H,TSPP]*" at 490 nm
(Soret band) and 707 nm (Q band) coexist with those of the
diacid monomer (line 2) [6-8]. When [bpy]BF, is added
gradually, the absorbance of 490 nm decays, accompanied
by the concurrent increase at the absorbance of 437 nm
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Fig. 1 UV-visible spectra of TSPP in acid aqueous solution treated
with [bpy]BF,

(lines 3-5). In 2.4 M [bpy]BF, at pH 1.1, the J-aggregates
totally dissociated into the diacid monomer (437 nm,
line 5), which is split into two components at about 422 and
438 nm with the further increased concentration of
[bpy]BE, (line 6). The latter absorbance band ascribed to
the diacid monomer of [H,TSPP]** continuously decays
and shows redshifts to about 450 nm due to the presence of
the large amount of [bpy]BF, salt (line 7), accompanied by
the concurrent increase at 422 nm. It has been shown that
the structure of the J-aggregates shows the monomer units
stacked as in a slipped deck of cards, with the negative
charges on the periphery of one molecule overlapping the
positive charges in the center of the neighboring porphyrin
[6, 7, 16]. Close association of the 7 orbitals of neighboring
molecules leads to strong exciton coupling, and the result-
ing J-aggregate absorption at 490 nm exhibits the narrowed
line width [8] as shown in Fig. 1. Reasonably, the presence
of [bpy]BF, with the conjugated character could counteract
the m—m interaction of porphyrin itself, leading to the dis-
sociation of J-aggregates of [H,TSPP]*" into the diacid
monomer. This result implies that among many non-cova-
lent interactions, including n—n force, electrostatic force,
hydrogen bonding, and charge-transfer interactions for the
formation of the highly ordered J-aggregates of
[H,TSPP]*", the n—n force is dominantly important over
the others. Whenever the n—n force in the porphyrins is
broken down, the J-aggregate network collapses.

The unexpected peak at 422 nm in Fig. 1 was tentatively
assigned to represent the H-aggregates of [H,TSPP]*™,
according to the observation of Choi et al. [8]. It is consid-
ered that the monomer transition dipoles in the H-aggregate
are aligned perpendicularly to the line connecting neighbor-
ing molecules in the aggregates. In this situation, the
electrostatic interaction becomes a dominant driving force for
the formation of H-aggregates instead of n—n force. Hence,
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the presence of [bpy]BF, could not suppress the formation of
H-aggregates [H,TSPP]*". On the contrary, the presence of
[bpy]BF, at high concentration as a kind of ionic salt led to
the dramatically increased ionic strength, which favored
H-aggregation of [H,TSPP]*™ [8].

In order to compare the roles of [bpy]BF, as a m-con-
jugated unit and a common ionic salt, respectively, for the
contribution of J, H-aggregation, the influence of inorganic
salt NaBF, on the aggregation of [H2TSPP]2+ was inves-
tigated in Fig. 2. The addition of NaBF, led to the
increased intensity both at 490 (J-aggregates) and 422 nm
(H-aggregates), due to the increased ionic strength [1, 2, 8].
Without the m-conjugated character in NaBF,, the inhibi-
tion of J-aggregates of TSPP through m—n counteraction
could not be observed.

In pure [bpy]BF,, TSPP surely exists as an unprotonated
monomer anion with the indication of the spectral pattern of
four Q bands for the free-base porphyrin with D,; symmetry
(Fig. 3, line 1). The typical Soret band of the unprotonated
TSPP monomer appeared at 420 nm with several nanometer
redshifts compared to that in aqueous solution (413 nm, in
Figs. 1, 2). When the concentrated nitric acid was added,
TSPP was protonated to become a diacid monomer, show-
ing the Soret band at 450 nm. Comparing the Soret bands
for the unprotonated monomer (TSPP) and the protonated
monomer ([HZTSPP]H) in [bpy]BF, to those in aqueous
solution, the obvious redshift was observed in [bpy]BF,
solution, suggesting the strong n—m interaction between
[bpy]BE, and TSPP through 7 orbital mixing [8]. Resul-
tantly, the J-aggregation of TSPP dominantly derived
from n—7 interaction of porphyrino rings was completely
inhibited (Fig. 3, lines 2 and 3). When H,0 was added to
dilute the IL solution, the absorbance band at 450 nm for
[HZTSPP]2+ diacid monomer shifted back to 438 nm as a
normal one in aqueous solution (line 5). However, the

——1:[TSPPNa, in 1.5 cm’ H,0, pH=5.1 (2.010° M)

254 2:+0.04 cm’ HNO, into 1, pH=0.8 (1.9*10° M)
: 3:+0.15 g NaBF, into 3, pH=0.9 (1.9"10° M)
20 W --==4:+0.15 g NaBF  into 4, pH=1.0 (1.910° M)
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Fig. 2 UV-visible spectra of TSPP in acid aqueous solution treated
with NaBF,
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Fig. 3 UV-visible spectra of TSPP in [bpy]BF, solution treated with
H,0

H-aggregates, in which the monomer transition diploes are
aligned perpendicularly to benefit the intermolecular elec-
trostatic interaction between [HZTSPP]2+ molecules, could
not be formed anymore, suggesting that the highly ordered
n—n super-network established in [bpy]BF, solution of
[H2TSPP]2+ prevents the realignment of the monomer
transition diploes in [H,TSPP]*" from parallel to perpen-
dicular. In contrast, when TSPP dissolved in the acidic
aqueous solution was treated with [bpy]BF, afterwards, the
n—7 facial interaction between [bpy]BF, and [HZTSPP]2+
established in small-scale makes the monomer transition
dipoles in [HZTSPP]2+ much easier to be realigned per-
pendicularly, leading to the formation of H-aggregate
[H,TSPP)*" as observed in Fig. 1, with increased ionic
strength ([bpy]BF, salt).

In conclusion, we investigated the influence of [bpy]BF,
with conjugated character on the aggregation of [H,TSPP]*"
under acid conditions and found that J-aggregation of
[H,TSPP]*" derived from the n—n interaction of porphyrin
itself was completely inhibited independent of pH values due
to the n—n counteraction between [bpy]BF, and [HZTSPP]2+.
The studies also suggest that J-aggregates of [H,TSPP]*" are
dominantly held together by intermolecular 7—n force and
H-aggregates of [H,TSPP]*" by intermolecular electrostatic
force.

Experimental

The evolving processes of [TSPP]Na, solution under dif-
ferent conditions in a UV cuvette (3 cm®) were monitored in
situ by a SHIMADZU-UV 2550 spectrophotometer at
ambient temperature (ca. 25 °C). The spectral resolution was
about 1 nm. [TSPP]Na, was dissolved into 1.5 cm’ deion-
ized water (or [bpy]BF,) with a concentration of
2.0 x 107> M, which was protonated by concentrated nitric
acid to pH 0.8. Consequently, the buffer was added gradu-
ally into the protonated [H,TSPP]** solution. The pH value
of the solution was measured by accuracy pH test paper.
The porphyrin derivative [TSPP]Na, and the IL
[bpy]BF, were prepared according to [17] and [18].
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