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The aggregation of porphyrin compounds has been ex­
tensively studied because of its importance in the ap­
plication to the biological and medicinal researches as well 
as the photoelectric applications.1'5 Porphyrins with hy­
drophilic side chains are well known to form the aggregate 
in aqueous solution; porphyrins having anionic,cationic,910 
or non-ionic11~13 side chains form dimer or higher molecular 
aggregates, depending on the chemical structure of side 
chains upon the increase in solute concentration or the ad­
dition of acid, salt or surfactant. The aggregation is usually 
spectroscopically characterized by the appearance of the 

blue shifted (H-aggregate) or the red shifted (J-aggregate) 
Soret band. According to the molecular exciton theory, the 
frequency shift in the absorption spectrum is interpreted in 
terms of the angle between the aggregation axis and the 
transition dipole moment of each chromophore.14 For por­
phyrin compounds, the H- and J-aggregates are formed 
when the aggregation occurs with face-to-face and edge-to- 
edge interactions between the neighboring units, respec­
tively. Especially for the dicationic porphyrins with anionic 
side chains, the aggregation is closely related to the in- 
term이ecular ionic interaction as well as the n-n interaction, 
which strongly favors the J-aggregate formation.8

In this work, we report for the first time the aggregation 
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of free base tetrakis(2,6-difluorophenyl)porphyrin (F8-TPP) 
in acetone/water mixture. Contrary to the previously re­
ported aggregations of organic compounds which occur so 
rapidly on the time scale of microseconds,1516 the aggre­
gation of F8-TPP occurs so slowly that we can monitor the 
aggregation process on a real-time scale by steady state 
spectroscopies. Moreover, the aggregate is stable enough in 
aqueous solution such that it is not destroyed at elevated 
temperatures or upon dilution with excess amount of water.

F8-TPP was prepared by the standard pyrrole-arylal- 
dehyde condensation in propionic acid.17 The compound 
was identified by UV/Vis and NMR spectroscopies. At low 
concentration, F8-TPP exists as a monomeric form in both 
acetone and water solutions; it is water-insoluble, but is easi­
ly solvated by water molecules with small amount of 
acetone as a cosolvent. As the acetone/water volume % frac­
tion in the solution was adjusted to between 50:50 to 20: 
80, a unique spectral profile resulted, in which the Q and 
Soret bands are significantly red shifted relative to both its 
acetone-only and almost-water solutions.

A 200 |1L of the 2x 10-4 M F8-TPP/acetone solution was 
mixed with 3.0 mL acetone, and then 7.0 mL HPLC grade 
pure water was added and mixed immediately. A portion of 
the solution was transferred to an absorption cell, and then 
its absorbance change was measured by a HP-8453 pho­
todiode array type spectrophotometer. As the time advanced, 
the 417 nm Soret band decreased while the newly generated 
441 nm band increased with an isosbestic point at 434 nm 
(Figure 1). The absorbance change was completed in 15 
min, and it is considered to result from the formation of 
molecular J-aggregate because the newly generated Soret 
band is significantly shifted to red.

The formation of molecular aggregates was also con­
firmed by the resonance light scattering (RLS) experiment, 
which has been widely employed to probe chromophore 
aggregation.18 A PTI fluorophotometer was used to measure 
the RLS by collecting the excitation fluorescence spectrum 
with the emission slit positioned to collect the zeroth order 
of the light beam diffracted from the grating. In order to 
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Figure 1. Time-dependent absorption measurement of the aggre­
gation of 4x 10"6 M F8-TPP in 30:70 vol% acetone/water s이u- 
tion at 25 °C. Data were collected after addition of water; 90 s 
(short dashed), 240 s (long dashed), 480 s (dotted), 720 s (dot- 
and-dashed), and 960 s (solid), respectively.

minimize self-absorption effect, the unaggregated and, ag­
gregated solutions were diluted by distilled water to the con­
centration of lx 10-7 M. The spectral profile of the in­
strumental response was checked by observing the ex­
citation spectrum for an aqueous colloidal silica solution, 
which showed some spectral peaks characteristic to the 
lamp with generally higher intensity over the blue wave­
length region than over the red wavelength region. However, 
the corrected RLS spectra obtained by dividing the raw data 
with the reference were found to be inclined over the red 
wavelength region due to the colloidal silica-related artifact, 
so we adopted the uncorrected RLS data. The RLS spectral 
profiles of both the unaggregated and aggregated solutions 
are very similar to their respective absorption profiles, 
however, the peak RLS intensity of the aggregated solution 
is more than 5 times stronger than the unaggregated solu­
tion even though the latter has the bigger peak absorbance 
than the former, demonstrating the enhancement of reso­
nance light scattering due to aggregation (Figure 2).

The presence of water may induce aggregation by ex­
erting the hydrophobic interaction19 to form the n-n in­
teraction between porphyrin molecules. Also the presence 
of an enough amount of acetone is crucial for the aggre­
gation to occur. The role of acetone in the aggregation may 
be explained in terms of a couple of solvation effects; first­
ly, it acts as a good solvent to make the molecular structure 
of porphyrin more flexible, and secondly it weakens the hy­
drogen bonding between F8-TPP and water molecules to en­
able the formation of hydrogen bonds between the neigh­
boring porphyrin molecules. Once aggregated, the aggregate 
had existed as a very stable form at room temperature for 
more than one month. Also it remained intact at lower tem­
peratures down to 5 °C and at elevated temperatures above 
60 °C. Addition of an enough amount of acetone into the 
aggregated solution destroyed the aggregate to restore its 
monomeric absorption profile. However, the aggregate was 
not destroyed by the addition of acetone/water (30:70 vol%) 
mixture solvent or neat water at any amount. This implies 
that the aggregate is formed by tightly holding its monom­
eric units together, and the intermolecular locking can only 
be released by the addition of an enough amount of acetone,
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Figure 2. Uncorrected RLS spectra of the aggregated (solid) 
and unaggregated (dashed) solutions of lx 10~7 M F8-TPP in 
water.
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Figure 3. Diagram for molecular aggregation of F8-TPP.

which can assist in the unlocking by enhancing the sol­
vation of each monomeric unit.

For the sake of comparison, normal tetraphenylporphyrin 
(TPP) and tetrakis(2-fluorophenyl)porphyrin (F4-TPP) were 
tried to get the aggregate by employing the same aggre­
gation scheme used for F8-TPP, but it turned out to yield 
the aggregates which showed only the increase of broad 
baseline absorption accompanied by the loss of original ab­
sorption bands of the porphyrins. Moreover, the aggregates 
of TPP and F4-TPP were easily destroyed by the addition of 
either water or acetone, implying that the aggregates are col­
loidal particles formed by loose interaction. So it is rea­
sonable to say that the unique feature in the aggregation of 
F8-TPP is closely related to the presence of fluorine atoms 
on the ortho positions of its phenyl rings. To rationalize the 
experimental results, we performed a simple molecular 
modeling study,20 which 아lows that F8-TPP has the highest 
possibility to form the aggregate among these three por­
phyrin compounds since it can provide the closest contact 
between the monomeric units as well as the strongest in- 
termolecular hydrogen bonding between fluorine and hy­
drogen atoms as shown in Figure 3. Compared with the J- 
aggregate of dicationic tetrakis(4-sulfonatophenyl)porphyrin 
(H42+TPPS) which is formed majorly by ionic interaction 
between the dicationic internal ring and the anionic side 
group,8 the aggregation of F8-TPP is considered to be dom­
inated by the jc-k interaction with the assistance of the hy­
drogen bonding, which would result in the aggregation 
geometry much less skewed than H42+TPPS as exemplified 
by the difference in the degree of red shift between the two 
aggregates (1305 cm 1 of F8-TPP compared with 2645 cm-1 
of H42+TPPS). .

In conclusion, this report presents the formation of a new 
aggregate from F8-TPP, which occurs on the time scale of 
minutes. Contrary to the previously reported ionic porphyrin 
aggregates, this aggregate is found to be very stable against 
heating or dilution, implying that the aggregation is an ir­
reversible process. Among the free base TPP derivatives, 
the irreversible aggregate formation occurs uniquely for F8- 

TPP, which is supported by a simple molecular modeling 
study.
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