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ABSTRACT The interfacial diprotonation and assemblies of a free-base achiral porphyrin, 5,10,15,20-tetrakis(3,5-dimethoxyphenyl)-
21H,23H-porphine, on various acidic subphases were investigated. It has been shown that the compound could be diprotonated in
situ on an acidic subphase and can form assemblies. The interfacially organized supramolecular assemblies were transferred onto a
solid substrate, and the assemblies showed supramolecular chirality. Interestingly, the supramolecular chirality of the assemblies of
the diprotonated species showed a counterion-dependent behavior. For the assemblies fabricated from the aqueous HCl subphases,
a strong Cotton effect (CE) could be observed, although the porphyrin itself is achiral. When an aqueous HBr solution was used as the
subphase, the assemblies showed a weak CE, whereas no CE could be detected for the assemblies formulated from the HNO3 or HI
subphase. Interestingly, when a mixture of HBr and NaCl, or HNO3 and NaCl, was employed as the subphase, the formed assemblies
displayed chiral features similar to those fabricated on the HCl subphase, suggesting that the Cl- could be preferentially visualized in
terms of supramolecular chirality, although the system itself is composed of achiral species. On the basis of the experimental facts
and a theoretical calculation, an explanation with regard to the different sizes of the counterions and the distinct binding affinities of
the counteranions to the diprotonated porphyrin species has been proposed. Our findings provide new insights into the assembly of
the diprotonated porphyrins as well as the interfacially occurring symmetry breaking.

KEYWORDS: porphyrinoids • diprotonation • counterion • interfacial assembly • supramolecular chirality • symmetry breaking

INTRODUCTION

Porphyrinoids, which are composed of four pyrrole
rings bridged together via the R position through four
methine groups, are multifunctional organic dyes

showing distinct chemical versatility and excellent biological
compatibility (1-3). Their unique planar as well as rigid
molecular geometry and aromatic electronic feature delo-
calized over the molecular frame enable them to possess
peculiar and tunable spectroscopic, photophysical, photo-
chemical, and assembly properties (2). By virtue of these
excellent features, porphyrins have received much attention
as ideal building blocks for the construction of noncovalent
supramolecular assemblies with motivations for potential
applications in photoelectronic and nonlinear optical de-
vices, information storage and transfer, and light energy
conversion, and as an nice model for the investigation of
energy, electron, charge, and ion transportation in the
naturally occurring light-harvesting antenna complexes and
the photosynthetic reaction centers (2, 3). To date, a wide
variety of organized supramolecular assemblies containing
porphyrin units have been developed and investigated
intensively (2-6).

On the other hand, it is also an interesting issue endowing
porphyrin-involved molecular assemblies with chirality, which

is applicable to a wide range of fields including smart soft
nanomaterials for data storage and processing, chiral sens-
ing, optobioelectronics, chiroptical devices, catalysis, bio-
chemistry, and so forth (7). Porphyrin units have been
considered to be one of the most useful building blocks that
connect supramolecular chemistry and chiral chemistry
(7-15). Besides the intrinsically chiral porphyrin species
(8, 9), achiral analogues could also be organized to form
chiral superstructures by (i) assembling in a chiral circum-
stance, where a chiral species or template works as a
chirality inducer (10-12), or (ii) assembling in a directional
stirring solution, through a directional spinning coating, or
by the interfacial organization (13, 14). The latter scenario
has, in particular, gained great attention because it might
be related to the origin of chirality in nature and the mirror-
symmetry breaking of a system (13, 14, 16).

For a free-base porphyrin, its central nitrogen atoms can
be diprotonated by strong acids, where two counteranions
are attached in the axial position in a near-symmetrical
manner above and below the porphyrin macrocycle (17).
From this point of view, the assembly of porphyrins can be
generally divided into two categories: one is the assembly
of conventional porphyrins without axial ligands; the other
is the diprotonated species. For the latter case, the axially
attached counterions would significantly affect their as-
sembly properties. The aggregation behaviors of the dipro-
tonated porphyrins with charged (18) or neutral (17a, 19)
groups in the periphery have recently been intensively
studied in terms of the role of the counterions. While there
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are a lot of investigations on the supramolecular assembly
of free-base porphyrins and on the assembly behavior of the
diprotonated porphyrins (17a, 18-20), there are fewer
reports on the supramolecular chirality of the diprotonated
porphyrins (13a-13d) substituted with neutral groups in
terms of the effects of counterions.

In this paper, we report the assembly of a diprotonated
porphyrin through interfacial organization. We have found
that an achiral porphyrin, 5,10,15,20-tetrakis(3,5-dimethoxy-
phenyl)-21H,23H-porphine (H2TPPDOMe; Scheme 1), could
be diprotonated and fabricated into various aggregates on
aqueous HX (X) Cl-, Br-, I-, and NO3

-) subphases. We have
further found that the formed assemblies show supramo-
lecular chirality (14, 21), which is currently an important
topic in porphyrin assemblies (7-15). Interestingly, the
supramolecular chirality of the diprotonated porphyrin dis-
played a counterion matching effect. That is, when the
diprotonated species are axially separated through Cl-, the
porphyrin assemblies show strong bisignated circular dichro-
ism (CD) signals. When Br- is used, the assemblies show
weak monosignated CD signals. When I- or NO3

- is used,
no CD signal could be detected. More interestingly, Cl- could
be predominantly incorporated into the neighboring dipro-
tonated species, resulting in the formation of chiral as-
semblies, even when the molar concentration of Cl- in the
subphase is only 0.8% NO3

- or 4% Br-. To the best of our
knowledge, this is the first report that relates the supramo-
lecular chirality of the diprotonated porphyrin assemblies to
the counterions. These findings provide new insights into the
assembly of the diprotonated porphyrins and the interfa-
cially occurring symmetry breaking.

EXPERIMENTAL SECTION
Materials. The achiral porphyrin derivative, 5,10,15,20-tet-

rakis(3,5-dimethoxyphenyl)-21H,23H-porphine (H2TPPDOMe, TCI,
95%), was used as received without further purification. Con-
centrated hydrochloric acid (HCl), a hydrobromic acid subphase
(HBr), a hydriodic acid subphase (HI), and nitric acid (HNO3)
were purchased from Beijing Yili Fine Chemical Co., Ltd. HCl
was diluted to 2.4 M, and the other acids were diluted to 1.2 M
before use as the subphase (22).

Procedures and Methods. The floating films on various
aqueous HX acid subphases were produced by spreading
chloroform solutions of H2TPPDOMe (5 × 10-5 mol/L) onto the
corresponding subphases. Surface pressure-molecular area
(π-A) isotherms in each case were recorded by using a KSV
(KSV 1100) instrument with a compressing speed of 7.5 cm2/
min after a delay of 20 min while the chloroform solvent
evaporated. For film deposition, the floating films were com-
pressed with a speed of 7.5 cm2/min to 30 mN/m, at which the

compressed films were transferred onto the required solid
supports by a horizontal lifting method using the KSV 1100 LB
apparatus. The size of the solid substrates was ca. 0.5 cm ×
1.2 cm. The transfer ratio in all of the cases is close to 1.
Hydrophobic quartz slides were achieved by immersion of the
clean slides in a solution of octadecyltrichlorosilane. The hy-
drophobic quartz slides were then used as the solid supports
for UV-vis, CD, and linear dichroism (LD) spectral measure-
ments. For atomic force microscopy (AFM) and X-ray photo-
electron spectroscopy (XPS) investigations, hydrophobic single-
face-polished silicon wafers were employed as solid supports.
The fabricated samples were then subjected to various mea-
surements. In order to obtain acidified chloroform solutions of
the compound, a glass capillary was kept in the corresponding
aqueous HX acid solutions for about 2 min; then the glass
capillary was drawn out and immediately immersed in 1 mL of
the newly confected chloroform solutions of H2TPPDOMe.
Generally, about 10-15 µL of concentrated HX acids was added
to 800 µL of a chloroform solution (5 × 10-5 M) to achieve a
diprotonated species, which gave a stable solution. After 1 min
under magnetic stirring, the solutions were subjected to UV-vis
and CD spectral measurements.

Theoretical Calculation. A theoretical calculation on the
structures of the diprotonated H2TPPDOMe species was carried
out using the Gaussian 03 package with density functional
theory at the PBE1PBE/6-311G* level.

Apparatus and Measurements. Jasco UV-550 and J-815 CD
spectropolarimeters were employed for the UV-vis, CD, and
LD spectral measurements, respectively. In the measurement
of the CD and LD spectra, the sample was placed perpendicu-
larly to the light path and at the same time was rotated
continuously within the film plane by a homemade rotator, in
order to eliminate the LD and linear birefringence (LB) artifacts
and to obtain the LB- and LD-free CD spectra (14, 21, 23). The
AFM height images without any image processing except flat-
tening were recorded on a Digital Instrument Nanoscope IIIa
Multimode system (Santa Barbara, CA) with a silicon cantilever
using the tapping mode. The XPS data were obtained with an
ESCALab220i-XL electron spectrometer from VG Scientific using
300 W Mg KR radiation. The base pressure was about 3 × 10-9

mbar. The binding energies were referenced to the C 1s line at
284.9 eV from adventitious carbon.

RESULTS AND DISCUSSION
π-A Isotherms of the H2TPPDOMe Films

Formed on Various Aqueous HX Acid Surfaces.
Figure 1 shows the π-A isotherms of the films of
H2TPPDOMe formed on various aqueous HX acid surfaces.
The limiting areas per molecule deduced by extrapolating
the steepest rising part of the π-A curves are 0.92, 1.23,
1.08, and 1.30 nm2 for the film floating on HCl, HBr, HI, and
HNO3 subphases, respectively. These values are larger than
that of the film floating on a pure Milli-Q water surface (0.70
nm2), suggesting that the counterions might be inserted in
the molecular assemblies (14a). These values show an

Scheme 1. Illustration of Counterion Matching, Selectivity, and Supramolecular Chiralitya

a Although the diprotonated porphyrins are distorted, they are abbreviated as the plate for clarity. The red balls represent the axially bonded
counterions.
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increasing tendency in the order of Cl-, Br-, and NO3
-,

whereas in the case of I-, this value does not follow this
tendency. One possible reason for this is that the diproto-
nated species might form a multilayer or aggregates rather
than a monolayer because of the lack of long alkyl chains.
Similar phenomena have been observed from other mol-
ecules that bear very short or no alkyl chains (24).

UV-Vis Spectra of the Assemblies of
H2TPPDOMe Formed on Various Aqueous HX
Acid Surfaces. Experimentally, the chloroform solution
of H2TPPDOMe was spread onto various aqueous HX sub-
phases (22), and the Langmuir-Schaefer (LS) (25) films were
fabricated at 30 mN/m. The UV-vis spectra of the as-
semblies formed on diverse aqueous HX acid subphases are
presented in Figure 2 and summarized in Table 1. As shown
in Figure 2a, a Soret band maximum at 422 nm and four Q
bands in the region of 490-670 nm are observed for the
chloroform solution of the compound. Upon acidification in
a chloroform solution by HCl, a bathochromic-shifted Soret
band appears at 458 nm, and two Q bands appear at 607
and 660 nm, suggesting diprotonation of the central nitrogen
atoms of H2TPPDOMe (14a, 17b, 19d). As a result,
[H4TPPDOMe]Cl2 species are formed in the chloroform
solution of the compound. Similar results were observed
when the chloroform solution was acidified by HBr, HI, and
HNO3, indicating the formation of the corresponding dipro-
tonated [H4TPPDOMe]X2 (X ) Br-, I-, and NO3

-) species in
solutions.

It is suggested based on the exciton coupling model
proposed by Kasha and co-workers (26) that the Soret band
of the J aggregates of a porphyrin chromophore is split into
two bands (27). The narrowed band, which is parallel to the
aggregate axis, displays bathochromic shifts compared with
that of the monomer, while the broad one, which is perpen-
dicular to the aggregate axis, displays hypsochromic shifts.
In the case of the H aggregates, a blue-shifted Soret band
could be observed (26, 27). In the present cases, for the
assemblies deposited from aqueous HCl subphases, a Soret
band maximum at 427 nm and two Q bands at 626 and 672
nm are detected, suggesting that [H4TPPDOMe]Cl2 species
are in situ formed on the surface of an aqueous HCl subphase
(14a, 17b, 19d). The maximum absorption of the Soret band
shows a hypsochromic shift with respect to that of the HCl-
acidified chloroform solution. Also, it is broadened compared
with that of the monomeric diprotonated species in solution.
These results suggest that most of the [H4TPPDOMe]Cl2 species

are mainly arranged as various nonspecific H-type ag-
gregates in the transferred film, where some nonspecific
J-type aggregates might also exist (14a, 26, 28).

When the porphyrin is spread on the aqueous subphase
of HBr and HI, two rather than four Q bands are detected
from the deposited films, suggesting the in situ formation
of [H4TPPDOMe]X2 (X ) Br- and I-) species on the corre-
sponding aqueous HX subphases. At the same time, the
maximum absorption of the Soret band of the formed
assemblies displays bathochromic shifts and becomes broad-
ened compared with those of the chloroform solutions
acidified by HBr and HI, respectively. Also, the broadened
Soret bands show no distinct split, which might be due to
the superposition of various aggregates. These facts indicate
that [H4TPPDOMe]X2 species mainly form various nonspe-
cific J-type aggregates accompanied by some nonspecific
H-type aggregates when other counteranions such as Br-

and I- are employed (14a, 26, 28). When HNO3 is employed
as the subphase, the UV-vis spectrum of the transferred film
displays features similar to those observed from the films
deposited from HBr and HI subphases except that a weak Q
band at ca. 601 nm (a Q band displayed by the monomeric
[H4TPPDOMe](NO3)2 species in solution) is also observed.
This indicates that, besides various nonspecific J- and H-type
aggregates, there might also be some monomeric
[H4TPPDOMe](NO3)2 species in the deposited film. These
results indicate that the counterions have significant effects
on the interfacial assemblies of the diprotonated porphyrins.

CD Spectra of the Assemblies of H2TPPDOMe
Formed on Various Aqueous HX Acid Surfaces. As
summarized in Table 1 and shown in Figure 2, all of the HX-
acidified chloroform solutions of H2TPPDOMe are CD-silent.
However, as shown in Figure 2a, the films deposited from
an aqueous HCl surface display strong bisignated Cotton
effect (CE) maxima at 397 and 445 nm, with one crossover
at 414 nm, and a monosignated CE maximum at 669 nm,
which corresponds to the Soret and Q bands of
[H4TPPDOMe]Cl2 species in the films, respectively (14a). The
CD signals could be opposite for the films deposited from
the different batches, suggesting that the observed chirality
of the films was formed through a spontaneous symmetry
breaking rather than from any chiral impurities. This phe-
nomenon is essentially the same as that reported for the
chirality of the assemblies obtained from achiral species, in
which achiral units were cooperatively stacked in a helical-
sense conformation (13a-13d, 14, 21, 29). When an aque-
ous HBr solution is used as the subphase (Figure 2b), the
fabricated film shows rather weak monosignated CE at 475
nm in the Soret band and at 694 nm in the Q band. In
contrast, all of the films deposited from an aqueous HI or
HNO3 solution are CD-silent, as presented in Figure 2c,d.

Moreover, in order to validate the authenticity of the
observed CD spectra. The LD spectra of the films had also
been investigated. A comparison of the CD and LD spectra
measured from a film of the compound deposited from an
aqueous HCl acid surface was carried out. On the basis of a
semiempirical equation (13f, 30), the contribution of the LD

FIGURE 1. π-A isotherms of H2TPPDOMe on HCl (a), HBr (b), HI (c),
and HNO3 (d) subphases at 20 °C.
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artifact to the CD spectra could be estimated to be ca. 4.3%.
This confirms that the detected CD spectra do not result from
the macroscopic anisotropy of the deposited film but from
the intrinsic chiral feature of the supramolecular assemblies.

AFM Images of the Assemblies Formed on
Various Aqueous HX Acid Surfaces. Additionally,
when the AFM images of the films deposited from these
acidic subphases were measured, nanofibers were observed
for the films deposited from an aqueous HCl (14a) or HBr
subphase, while nanoparticles were detected when an aque-

ous HI or HNO3 solution was used (Figure 3). The nanofibers
formed on HCl and HBr subphases are ca. 4.5 and 3.7 nm
in height and ca. 40 and 50 nm in width, respectively. The
nanoparticles formed on HI and HNO3 surfaces are ca. 10
and 25 nm in height and ca. 100 and 150 nm in width,
respectively. The formation of these nanostructures seems
to be related to the counterion in the assemblies. Larger
counterions favor the formation of nanoparticles, while small
counterions prefer the nanofiber structure. In addition, the
nanostructures do not cover the whole area of the surface.

FIGURE 2. (a) UV-vis (bottom panel) spectra of H2TPPDOMe in a chloroform solution (dotted line), in a HCl-acidified chloroform solution
(dashed line), and in LS films deposited from aqueous HCl subphases (solid line) and the CD spectra (top panel) of the compound in a HCl-
acidified chloroform solution (dashed line) and in the LS films deposited from aqueous HCl subphases (solid line). The two solid CD curves
were obtained from the films deposited in different batches. The corresponding HX acids are aqueous HBr (b), HI (c), and HNO3 (d) solutions,
respectively. All of the films were deposited at 30 mN/m.

Table 1. Absorption Maximum in UV-Vis and CD Spectra of Various Solutions and LS Films

sample

UV-vis spectra (nm) CE maxima (nm)

Soret band Q band Soret band Q band

chloroform solution 422 516, 550, 589, 648
HCl-acidified CHCl3 solution 458 607, 660
HBr-acidified CHCl3 solution 462 613, 665
HI-acidified CHCl3 solution 457 619, 673
HNO3-acidified CHCl3 solution 454 601, 656
LS film (2.4 M HCl subphase) 427 626, 672 397, 445 669
LS film (1.2 M HBr subphase) 479 635, 695 475 694
LS film (1.2 M HI subphase) 463 619, 674
LS film (1.2 M HNO3 subphase) 467 601, 669, 727
LS film (1.2 M HNO3/2 mM NaCl) 466 664, 727
LS film (1.2 M HNO3/ 5 mM NaCl) 462 672, 724 420, 444 667
LS film (1.2 M HNO3/10 mM NaCl) 428 627, 672 402, 452 667
LS film (1.2 M HBr/10 mM NaCl) 479 640, 701 467, 487 706
LS film (1.2 M HBr/ 50 mM NaCl) 438 631, 674 406, 462 678
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These results confirm that the diprotonated species formed
multilayer or aggregates rather than monolayer films at the
air/water interface, which is in agreement with the π-A
isotherms.

As described in the above paragraphs, although the
diprotonated species themselves are achiral, CD absorptions
could be detected from the nanofibers formed on HCl and
HBr subphases. These results are basically the same as those
reported for our previous systems, where CD signals as well
as helical or spiral structures, or straight nanofibers, were
obtained for the films fabricated from achiral amphiphiles
through interfacial organization (14, 21). The macroscopic
supramolecular chirality in these films has been suggested
to be caused by the predominant one-handedness, helical
sense stacking of the building blocks during lateral compres-
sion of the floating films.

Preferential Visualization of Cl- in Terms of
Supramolecular Chirality. Interestingly, the diproto-
nated species further displays a preferential selectivity for
Cl-. When we spread the porphyrin on the subphase of an
aqueous HNO3 or HBr solution in the presence of Cl-, we
found that Cl- was predominantly incorporated into the
assemblies. Figure 4a shows the CD and UV-vis spectra of
the films deposited from an aqueous HNO3 + NaCl sub-
phase. When 0.002 M NaCl coexists with 1.2 M HNO3, the
fabricated film displays a broad Soret band at 466 nm and
the film is almost CD-silent. However, when 0.005 M NaCl
is contained in the 1.2 M HNO3 solution, a blue-shifted
shoulder peak at 430 nm around the Soret band is observed
from the UV-vis spectrum and a weak CE around this
shoulder peak was detected. When the concentration of NaCl
increased to 0.01 M, the UV-vis spectrum of the film
exhibits a broadened Soret band at 428 nm and two Q bands
at 627 and 672 nm, the profile of which is rather similar to
those of the films fabricated from aqueous HCl subphase.
Moreover, the CD spectrum of the film displays strong
bisignated and monosignated CE values around the Soret
and Q bands, respectively, whose profiles are almost the
same as those of the film deposited from an aqueous HCl

subphase. When HBr + NaCl is employed as the subphase,
similar results are observed, as shown in Figure 4b.

Because the film fabricated from an aqueous HBr surface
shows weak monosignated CE and that from an aqueous
HNO3 surface shows no CD signal, the present results
suggest that Cl- is selectively incorporated into the as-
semblies when spreading on a subphase containing a Cl-

ion, although the molar ratio of Cl- is only 0.8% NO3
-. In

order to confirm this, we measured the XPS spectra of the
film deposited from the aqueous subphase of HNO3 + NaCl,
as shown in Figure 5. It can be seen that, although the molar
concentration of Cl- in the subphase was only 0.8% NO3

-,
the XPS of the film deposited from this subphase displayed
distinct binding energies at 198.3 eV (Cl 2p) and 400.2 eV
(N 1s; nitrogen atoms of porphyrin), whereas the binding
energy of the nitrogen atom of NO3

-, which should be at
406.2 eV, is negligible.

Optimized Molecular Structure of the
[H4TPPDOMe]X2 Species on the Basis of a
Theoretical Calculation. In order to further survey the
mechanism of the above-described experimental facts, the
optimized molecular structures of the [H4TPPDOMe]X2 spe-
cies are theoretically calculated. As shown in Figure 6, it can
be seen that all of the [H4TPPDOMe]X2 species have a
saddling conformation, where two counteranions are com-
bined in a near-symmetrical manner at the axial position
through the hydrogen bonds above and below the mean
macrocyclic plane. These results are essentially analogous
to those reported by others, where it is believed that the
diprotonation of free-base porphyrins could result in a
deformation of the porphyrin plane, giving a saddling con-
formation, where two counteranions are attached at the
axial position above and below the mean macrocyclic plane
(17). We further found that the distance between the two
axially attached counteranions is ca. 4.70, 5.14, 5.80, and
6.98 Å for Cl-, Br-, I-, and NO3

-, respectively, showing an
increasing tendency. Consequently, our present optimized
results are substantially the same as those suggested by
other researchers, where it is concluded that the distance
from the counteranion to the mean macrocyclic plane
display an increasing tendency with an increase in the size
of the counteranion (31). Thus, we can suggest that the
neighboring diprotonated porphyrin species are separated
in the order of Cl-, Br-, I-, and NO3

- ions when our
porphyrin is assembled on the corresponding aqueous HX
subphases.

Explanation for Counterion Matching, Selectiv-
ity, and Supramolecular Chirality. On the basis of our
experimental facts and the calculated theoretical models, a
reasonable explanation for the interesting counterion match-
ing and selectivity with respect to the supramolecular chiral-
ity could be proposed, as shown in Scheme 1. As proven by
the UV-vis and CD/LD spectra, when the porphyrin is
spread at the air/acid interface, in situ diprotonation occurs
and these diprotonated species could possibly show a
cooperative stacking in a helical sense, resulting in the
formation of chiral supramolecular assemblies (13a-13d,

FIGURE 3. AFM images of the films of H2TPPDOMe deposited from
HCl (a), HBr (b), HI (c), and HNO3 (d) surfaces at 30 mN/m. Image
size: 5 µm × 5 µm for all of the cases.
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14, 21, 29). Such cooperative packing is related to the π-π
overlapping as well as the separated distance between the
neighboring porphyrins (21c, 32). When Cl- is inserted, the
neighboring [H4TPPDOMe]Cl2 building blocks show the big-
gest extent of π-π overlapping and the smallest distance
between them because Cl- has the smallest size and most
of the [H4TPPDOMe]Cl2 units are mainly packed as various
H aggregates (26). Thus, we observed a strong exciton
couplet in the CD spectra of the assemblies of
[H4TPPDOMe]Cl2. When the anions with bigger size, such
as I- and NO3

-, are employed, the cooperative stacking of
the diprotonated species is prohibited because of the far
separation and smaller extent of π-π overlapping of the
neighboring chromophore; thus, no CD signal could be
detected.

Comparatively, in the case of counterion Br-, whose size
is bigger than Cl- but smaller than I- and NO3

-, there exists
a smaller extent of π-π overlapping and a larger distance
between the [H4TPPDOMe]Br2 building blocks than between
the [H4TPPDOMe]Cl2 units. Furthermore, there exists a
larger extent of π-π overlapping and a smaller distance
between the [H4TPPDOMe]Br2 building blocks than between
the [H4TPPDOMe]I2 or [H4TPPDOMe](NO3)2 units. There-
fore, weak monosignated CD signals could be detected from
the assemblies formed on an aqueous HBr subphase.

On the other hand, when the porphyrin was assembled
on a mixed solution of HNO3 + NaCl, or HBr + NaCl, Cl-

could be preferentially combined in the molecular assem-
blies, although its concentration was extremely lower than
that of NO3

- or Br-. This is due to the higher affinity between
Cl- and the diprotonated porphyrin species than between
NO3

- (Br-) and the diprotonated porphyrin species (33).
Thus, the counterion selectivity in our system is a conse-
quence of the fact that the [H4TPPDOMe]Cl2 aggregates are
more stable than the others. By utilizing this property, we
can use the porphyrin assemblies to detect the Cl- ion in
the subphase in terms of supramolecular chirality, although
all of the involved species were achiral.

CONCLUSIONS
In summary, we have shown that an achiral free-base

porphyrin could be diprotonated in situ on various acidic
subphases, and the protonated species could form counte-
rion-dependent assemblies. There exists an ion matching
between the supramolecular chirality of the assemblies and
Cl-. That is, when the counterion is Cl-, a strong exciton
couplet could exist in the assemblies, while only weak or
even no CD signal could be detected for other counterions.
Moreover, the diprotonated species show a predominant
selectivity for Cl- when spreading on a mixed solution of
acid and NaCl. These findings provide new insight into the
assembly of the diprotonated porphyrin and correlate the
assembly structure with their supramolecular chirality.
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