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Aggregation of an anionic porphyrin with chiral metal complexes and

the competitive binding influences of a surfactant and a polyelectrolyte
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The non-covalent interactions of chiral metal complexes with the achiral 5,10,15,20-tetrakis

(4-sulonatophenyl) porphyrin (H4TTPS
2�) have been investigated by UV-vis and circular

dichroism (CD) spectra. The results show that under acidic environments, only the chiral complex

cations ([CoBr(NH3)(en)2]
+, [Co(en)3]

3+, [Ru(phen)3]
2+) could interact with H4TTPS

2� to form

chiral aggregates, accompanied with the metal-centered chirality information transferred to the

formed J-aggregates. However, the chiral complex anion ([Co(edta)]�) does not cause the

self-assembly process. The competitive binding interactions between an achiral water-soluble

cationic surfactant (N-hexadecyltrimethyl ammonium chloride, CTAC) and a cationic

polyelectrolyte (polyallylamine, PAA) with the chiral metal complex H4TTPS
2� J-aggregates,

respectively, were also investigated. It was found that chiral-symmetry-breaking phenomena occur

in the cationic surfactant induced event. In the case of a cationic polyelectrolyte, it could change

the conformational flexibility of the H4TTPS
2� aggregates. These results may lead us to

understand the possible mechanism of the supramolecular self-assembly process by the

non-covalent interactions.

Introduction

Chirality is a central theme in nature, ranging from the

molecular level to the supramolecular level, and from the

microscopic to the macroscopic length scale.1,2 The increasing

interest in chiral supramolecular assemblies is not only to

understand the origin of biomolecular homochirality, but also

for their potential applications, such as molecular conductors,3–8

chiral supramolecular liquid crystals,9–16 chiroptical

devices,16–20 and other functional materials.21–27 There are

great interests concerning the transformation of chiral

information from a chiral mold to achiral molecules and

supramolecular systems. By forming intrinsically chiral assemblies,

or by aggregating on to a chiral template, the symmetric

achiral molecules could also present supramolecular chirality.

Construction of a chiral molecular assembly is very important

in supramolecular chemistry. A number of researchers have

revealed that some small achiral molecules can form chiral

nano/micro-structures by host–guest and guest–guest inter-

actions.28–40 The driving force for the formation of chiral

supermolecules is generally constructed on the non-covalent

interactions, such as van der Waals interactions, hydrogen

bonds, p–p stacking, metal coordination, electrostatic inter-

action and hydrophobic interactions.

Porphyrin derivatives play important roles in biological

systems and spectroscopic studies for their novel and tunable

spectroscopic, photophysical and photochemical properties.41–47

Their unique planar as well as rigid molecular geometry and

aromatic electronic feature delocalized over the molecular

frame enable them to be well investigated in the field of

constructing supramolecular assemblies by non-covalent inter-

actions.48–53 Various artificial photo-devices based on the

chiral porphyrin supermolecules are anticipated to be

potentially useful for the practical applications.54–57

In our previously reported work, we found that the random

symmetry breaking in the synthesis of a chiral octahedral

cobalt complex (cis-[CoBr(NH3)(en)2]Br2) could be transferred

in the supramolecular self-assembly process of anionic

porphyrin derivatives.58 What we are interested in is how did

the chirality at the small molecular level transfer to the

a College of Chemistry and Chemical Engineering, Graduate
University of Chinese Academy of Sciences, Beijing 100049, China.
E-mail: yujianhe@hotmail.com; hongzhao@gucas.ac.cn;
lixiangj@gucas.ac.cn; Fax: +86 10-8825-6093;
Tel: +86 10-8825-6141

bCollege of Chemistry and Chemical Engineering, Xiamen University,
Xiamen 361005, China. E-mail: huizhang@xmu.edu.cn;
Tel: +86 592-2183910

cHuaihua Medical College, Hunan, 418000, China.
E-mail: hhyzggkb@163.com

d State Key Laboratory of Natural and Biomimetic Drugs, Peking
University, Beijing 100083, China

eMedical College, Hunan Normal University, Changsha, Hunan
410006, China. E-mail: wanggwwmq323@163.com

NJC Dynamic Article Links

www.rsc.org/njc PAPER

D
ow

nl
oa

de
d 

by
 X

ia
m

en
 U

ni
ve

rs
ity

 o
n 

04
 A

pr
il 

20
12

Pu
bl

is
he

d 
on

 1
3 

A
pr

il 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1N

J2
01

93
J

View Online / Journal Homepage / Table of Contents for this issue
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Xiamen University Institutional Repository

https://core.ac.uk/display/41352103?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1039/c1nj20193j
http://dx.doi.org/10.1039/c1nj20193j
http://dx.doi.org/10.1039/c1nj20193j
http://pubs.rsc.org/en/journals/journal/NJ
http://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ035007


This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2011 New J. Chem., 2011, 35, 1424–1432 1425

advanced supramolecular level. In this paper, we describe the

interactions of the dye molecule of a porphyrin derivative

(H4TPPS
2�) with the chiral-only-at-metal complexes. Interestingly,

we found that only the chiral complex cations could interact

with H4TTPS
2� to cause the self-assembly process, accompanied

with their metal-centered chirality information transferred to the

formed J-aggregates. The CD signals of the J-aggregates induced

by the enantiomers are mirror-images. However, the chiral

complex anion does not cause the self-aggregation process. We

also systematically investigated the competitive binding events

of the chiral H4TPPS
2� J-aggregates with a water-soluble

cationic surfactant (N-hexadecyltrimethyl ammonium chloride,

CTAC) and a cationic polyelectrolyte (polyallylamine, PAA).

The results show that the cationic surfactant can cause the

formation ofH4TPPS
2� J-aggregates, and the formed J-aggregates

show chirality due to chiral-symmetry-breaking. The handedness

of the aggregates can be further guided by chiral metal

complexes. In the case of a cationic polyelectrolyte, due to

the short-ranged stacking of the porphyrins to the pyridinium

residues after the addition of PAA, the conformational

flexibility was changed. These results may lead us to gain

more insights on the non-covalent interactions of the

supermolecules.

Experimental section

1. Materials

The porphyrin derivative, 5,10,15,20-tetrakis(4-sulfonato-

phenyl)porphyrin (H2TPPS
4�), was purchased from Fluka.

The cetyltrimethylammonium chloride (CTAC, cationic sur-

factant) and the aqueous solution (20%) of poly(allylamine)

(PAA, polycation electrolyte, average molecular weight, ca.

17 000) were purchased fromAldrich. Concentrated hydrochloric

acid (HCl) was purchased from Beijing Chemical Co. All

chemicals were used as received without further purification.

The chiral-only-at-metal complexes used in this work were

synthesized according to the reported literature.59–63

2. Chiral assembly of the H4TPPS
2� induced by different

metal complexes

(1) Preparation of solutions. The stock solutions of the

chiral-only-at-metal complexes (1 mM) were prepared by

dissolving them in 0.01 M HCl solution (pH = 2.0).

10 mL solution of H4TPPS
2� (10 mM) was freshly prepared

by dissolving the H2TPPS
4� crystal in distilled water at pH 2.0

that was adjusted by 0.1 M HCl solution.

(2) Chiral induction of the H4TPPS
2�. The chiral-only-at-

metal complexes were added to the solution of H4TPPS
2�

(10 mM, 10 mL) (pH = 2.0), respectively, to make metal

complexes–porphyrin samples at amolar ratio 1 : 4 of H4TPPS
2� :

metal complex (4 mL, 0.01 M). These solutions were kept at room

temperature overnight before characterization.

(3) The competitive binding of a cationic surfactant and a

polycation electrolyte on the chiral H4TPPS
2� J-aggregates.

The chiral cobalt complex, [Co(en)3]I3�H2O (4 mL, 0.01 M),

was chosen as a chiral inducer in the self-aggregation process

of H4TPPS
2� (10 mL, 10 mM). After the mixture was

stabilized, different volumes of 2, 4, 6, 8, 10 mL CTAC

(1 mmol L�1) were added to the solutions, respectively. In

another experiment, 2 mL CTAC (1 mmol L�1) was firstly used

to cause the formation of J-aggregates, and after the solution

was stabilized, different volumes of 4, 6, 8, 10, 12 mL
[Co(en)3]I3�H2O (0.01 M) were added.

(4) The competitive binding of a polycation electrolyte on the

chiral H4TPPS
2� J-aggregates. Similar to the above experi-

mental section, [Co(en)3]I3�H2O (4 mL, 0.01M) was firstly chosen

as a chiral inducer in the self-aggregation process of H4TPPS
2�

(10 mL, 10 mM). After the mixture was stabilized overnight,

different volumes of 2, 4, 6, 8, 10 mL PAA (1 g L�1) were added

to the solutions, respectively. In the opposite manner, 2 mL PAA

(1 g L�1) was firstly used to cause the formation of J-aggregates,

and after the solution was stabilized, different volumes of 4, 6, 8,

10, 12 mL [Co(en)3]I3�H2O (0.01 M) were added.

The above solutions were kept at room temperature over-

night before characterization.

(5) Characterizations. The UV-vis adsorptions and CD

spectra were measured (1 cm cell) using a UV-2550 spectro-

photometer (Japan) and a Jasco J-810 spectropolarimeter

(Japan), respectively. Fluorescence spectra were obtained on

a LS 55 fluorescence spectrometer (Perkin-Elmer).

Results and discussions

1. Formation of H4TPPS
2� J-aggregates induced by different

chiral metal complexes

The structures of the four pairs of chiral-only-at-metal

complexes and the porphyrin (H4TPPS
2�) are shown in

Fig. 1. All the chiral-only-at-metal complexes used have a

quasi-octahedral structure.

The CD spectra of the four pairs of enantiomers are shown

in Fig. 2. The CD spectra of the L-cis-[CoBr(NH3)(en)2]Br2
(De564 = +0.333) and D-cis-[CoBr(NH3)(en)2]Br2 (De564 =

�0.336), L-[Co(en)3]I3�H2O (De493 = +1.64) and

D-[Co(en)3]I3�H2O (De493 = �1.52), L-[Ru(phen)3](PF6)2
(De268 = +352.99) and D-[Ru(phen)3](PF6)2 (De268 =

�414.59), L-K[Co(edta)]�2H2O (De580 = +1.55) and

D-K[Co(edta)]�2H2O (De580 = �1.61) are approximately

perfect mirror-images, respectively, and thus these complexes

should be enantiomers of each other.

It is well-known that when the pH value is below 3, the

pyrrole nitrogen atoms in the porphyrin cycle are diprotonated

and a zwitterionic species is formed with a global �2 charge.

The Soret band shifts from 412 to 434 nm and the Q bands

become degenerated, which results in a change in the molecular

symmetry from D2h to D4h.
64 The positively-charged center of

the H4TPPS
2� molecule can attract the negatively charged

peripheral sulfonate groups of the adjacent H4TPPS
2�

molecules, resulting in edge-to-edge stacking.65 Thus, the

H4TPPS
2� can be easily self-assembled to form J-aggregates

at a low pH and/or at a high ionic strength atmosphere. The

formation of porphyrin assemblies could be determined by the

variation of the absorption and emission spectral properties.

Aggregation of the monomer often leads to quite an extensive
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hypochromism of the Soret band and to a relevant, almost

complete quenching of the porphyrin emission.66

Fig. 3 shows the change in UV-vis absorption spectra of the

H4TPPS
2� (10 mM) before and after the addition of the metal

complexes. At pH= 2, the N atoms of the porphyrin cycle are

diprotonated, which causes a red-shift of its Soret band to

434 nm. (All dashed lines in Fig. 3 represent the absorbance of

the H4TPPS
2� (10 mM) without the addition of any metal

complexes, and the solid lines represent the absorbance of

the H4TPPS
2� (10 mM) after the addition of the four metal

complexes). In Fig. 3A–C, obviously, we can see that after

the addition of the complex (Fig. 3A: [CoBr(NH3)(en)2]
+;

Fig. 3B: [Co(en)3]
3+; Fig. 3C: [Ru(phen)3]

2+), the characteristic

absorption of the monomer at 434 nm decreased, and a new

absorption at 491 nm appeared, which was the characteristic

absorption of the edge-to-edge H4TPPS
2� J-aggregates.

However, there was no obvious change in the UV-vis spectrum

of the H4TPPS
2� monomer after the addition of the complex

anion of [Co(edta)]� (Fig. 3D). It indicated that the porphyrin

molecules existed in the monomeric form, i.e. the [Co(edta)]�

Fig. 2 CD spectra of four pairs of chiral metal complexes. (A)

cis-[CoBr(NH3)(en)2]Br; (B) [Co(en)3]I3�H2O; (C) [Ru(phen)3](PF6)2;

(D) K[Co(edta)]�2H2O (solid line: L-configuration; dashed line:

D-configuration).

Fig. 3 UV-vis spectra of the H2TPPS (10 mM) after the addition of

different metal complexes (solid line); (A) cis-[CoBr(NH3)(en)2]Br; (B)

[Co(en)3]I3�H2O; (C) [Ru(phen)3](PF6)2; (D) K[Co(edta)]�2H2O. (All

dashed lines in the figure represent the absorbance of the H4TPPS
2�

without the addition of any metal complexes).

Fig. 1 Schematic structures of H4TPPS
2� and four pairs of chiral metal complexes.
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complex cannot induce the formation of H4TPPS
2�

J-aggregates.

2. Circular dichroism of H4TPPS
2�

J-aggregates induced by

different chiral-only-at-metal complexes

The interaction between the chiral inorganic cationic complex

and H4TPPS
2� was further confirmed by the appearance of an

induced CD signal in the absorption region of porphyrins. As

shown in Fig. 4, after the addition of chiral complex cations,

the chiral-at-metal information could be transmitted to the

H4TPPS
2� J-aggregates. In Fig. 4A, the chiral J-aggregates

induced by L-[CoBr(NH3)(en)2]
+ show a negative Cotton

effect at 488 nm, 415 nm and a positive signal at 502 nm. In

Fig. 4B, the L-[Co(en)3]
3+ could lead to a quite different

spectroscopic behavior, that is two positive Cotton effects

at 482 nm, 411 nm and two negative signals at 488 nm and

508 nm. In Fig. 4C, the L-[Ru(phen)3]
2+ caused two negative

Cotton effects at 490 nm, 414 nm and two negative signals at

481 nm and 422 nm. The CD signals of the chiral H4TPPS
2�

J-aggregates induced by the enantiomers of the above metal

complexes show mirror-image signals. This pattern of splitting

Cotton effect suggested the existence of exciton coupling

between the porphyrin chromophores due to the aggregation

of the diprotonated species.67 In one word, the CD signals of

the H4TPPS
2� J-aggregates depend on the absolute configuration

of the chiral metal complexes, and the sign of the ICD follows

the chirality of the inorganic metal complex templates.

However, because it could not cause the self-assembly

process after the addition of [Co(edta)]�, no obvious spectral

change around 482 nm is observed (Fig. 4D).

3. Fluorescence study of the H4TPPS
2�

J-aggregates induced

by different chiral-only-at-metal complexes

Fluorescence spectra are successively measured under the

same aforementioned experimental systems. The effect of the

cobalt complexes on the fluorescence spectra for 10 mM
H4TPPS

2� is monitored at different excitation wavelengths

(434 nm, 491 nm). As shown in Fig. 5A, under excitation at

434 nm, the fluorescence of the H4TPPS
2� monomer (line a)

and H4TPPS
2� in the presence of K[Co(edta)]�2H2O (line b)

showed a peak at 668 nm. However, the addition of

[Co(en)3]I3�H2O (line c), [CoBr(NH3)(en)2]Br (line d) and

[Ru(phen)3](PF6)2 (line e) to the H4TPPS
2� resulted in the

hypsochromic shift of the main fluorescence peak to about

660 nm.

While being excited at the wavelength of 491 nm (Fig. 5B),

the main peak of the fluorescence emission spectra of the

H4TPPS
2� monomer and H4TPPS

2� in the presence of

K[Co(edta)]�2H2O appeared at 668 nm. However, their inten-

sity became lower compared to that excited at the wavelength

of 434 nm. While in the presence of [Co(en)3]I3�H2O,

[CoBr(NH3)(en)2]Br and [Ru(phen)3](PF6)2, the peak became

wider together with its position shifted to about 655 nm.

However, while being excited at 491 nm, the characteristic

emission peak of the J-band was not observed at 714 nm. It is

expected that quenching happened in the emission spectra of the

formed H2TPPS
4� J-aggregates. This quenching phenomenon

could also demonstrate that there is a strong interaction

between the H4TPPS
2� and the metal complexes.

4. The effect of water-soluble cationic surfactant on the chiral

H4TPPS
2� J-aggregates

According to the previously reported literature, the water

soluble cationic surfactant (cetyltrimethylammonium chloride,

CTAC) can also cause the self-aggregation of monomer

H4TPPS
2� to form J-aggregates and H-aggregates at different

conditions.68,69

Fig. 4 CD spectra of the H2TPPS (10 mM) after the addition of

different metal complexes; (A) D-/L-cis-[CoBr(NH3)(en)2]Br; (B) D-/L-
[Co(en)3]I3�H2O; (C) D-/L-[Ru(phen)3](PF6)2; (D) D-/L-K[Co(edta)]�
2H2O.

Fig. 5 Fluorescence spectra of H4TPPS
2� in the presence of different chiral metal complexes. (A) lex = 434 nm; (B) lex = 490 nm. (a: H4TPPS

2�

without any metal complexes; b: K[Co(edta)]�2H2O; c: [Co(en)3]I3�H2O; d: cis-[CoBr(NH3)(en)2]Br; e: [Ru(phen)3](PF6)2).
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To investigate the effect of the positively charged surfactant

on the chiral H4TPPS
2� J-aggregates, competitive binding

events between CTAC andmetal complexes with the H4TPPS
2�

J-aggregates were conducted. We choose L-[Co(en)3]
3+ as a

chiral cationic inducer to guide the formation of chiral

H4TPPS
2� J-aggregates. In this experiment, the chiral H4TPPS

2�

J-aggregates were firstly formed by the addition of chiral metal

complexes, and after they stabilized, CTAC with different

concentrations was titrated with the solution. The changes of

UV-vis absorbances and CD spectra after the addition of CTAC

are shown in Fig. 6.

UV-vis absorbance in Fig. 6A shows that the addition of

CTAC does not cause any peak shift in both the characteristic

Soret band (434 nm) and the Q band (491 nm) of J-aggregates.

However, the absorption intensity at the Soret band decreased

with increasing the CTAC concentration, and this indicated

that the free monomer H4TPPS
2� was further induced to form

new J-aggregates. It was worth to note that the absorption

intensity at the Q band (491 nm) also decreased with increasing

the CTAC concentration, this meant that the chiral H4TPPS
2�

J-aggregate formed by the induction of L-[Co(en)3]
3+ was

degraded. It indicated that the J-aggregates with CTAC

(denoted as J0-aggregates) should be more stable than

the H4TPPS
2� J-aggregate with L-[Co(en)3]

3+ (denoted as

J-aggregates) in the system (Scheme 1).

The CD data in Fig. 6B show that the CD signal of the

chiral H4TPPS
2� J-aggregates around 488 nm gradually

decreased with the increase of CTAC concentration, and there

was a red-shift from 488 to 490 nm. This further indicated

that the racemic J0-aggregates with CTAC were formed, and

the chiral H4TPPS
2� J-aggregate with L-[Co(en)3]

3+ was

degraded. In this process, the cationic surfactant CTAC may

competitively bind to free H4TPPS
2� to form the racemic

H4TPPS
2� aggregates, and decrease the CD singal of the

chiral aggregates.

It is worth to note that when the concentration of CTAC is

up to 8 mM, the further addition of CTAC does not cause any

change of the CD intensity at 490 nm. This indicated that the

H4TPPS
2� monomer, J0-aggregates with CTAC and the chiral

J-aggregate with L-[Co(en)3]
3+ reached an equilibrium, and

the J0-aggregates with CTAC may be dominated to result in a

red-shift from 488 to 490 nm.

Then we conducted the experiment in an opposite manner,

that is the J0-aggregates were firstly formed by the induction of

CTAC (2 mM), and after stabilizing, a chiral cobalt complex

L-[Co(en)3]
3+ with different concentrations was titrated to the

system.

The changes of UV-vis absorbances and CD spectra after the

addition of CTAC are shown in Fig. 7A and B. From Fig. 7A, it

is obviously observed that the addition of chiral L-[Co(en)3]
3+

caused an intensity decrease in the Soret band (434 nm) and

increase in the Q band (489 nm), which demonstrated that left

J-aggregates with L-[Co(en)3]
3+ were formed.

Interestingly, when we measured the circular dichroism(CD)

spectra of the H4TPPS
2� J-aggregates which were induced by

CTAC, we observed a clear Cotton effect at 488 nm although

there is no chiral molecule in the solution, as shown in Fig. 7B.

It is further observed that the CD signal was relatively weak

and the sign of the Cotton effect could be opposite in different

experimental batches. This suggested that chiral symmetry

breaking occurred during the self-assembly process.70 Once

the J-aggregate formed, a mixture of left- and right-handed

aggregates formed. However, these two chiral species might

not be equally generated and one of them would be in excess

and then amplified during the growth of the J-aggregate.

Therefore, we observed the CD signal for H4TPPS
2� J-aggregates

induced by the CTAC.

If a chiral species, for example, D-, orL-[Co(en)3]
3+, was added

in the mixed solvents, the handedness of the formed H4TPPS
2�

J-aggregates was found to be controlled. Fig. 7B showed that the

CD intensity of the H4TPPS
2� J-aggregates increased with

increasing the concentration of the chiral L-[Co(en)3]
3+. This

clearly indicated that in the presence L-[Co(en)3]
3+, the chirality

of the H4TPPS
2� J-aggregates followed the ‘‘chiral sergeant’’.

When we used D-[Co(en)3]
3+ in the solution, the mirror-image

CD spectrum was obtained (data not shown).

Fig. 6 (A) UV-vis spectrum of the H4TPPS
2� J-aggregate induced by L-[Co(en)3]

3+ (40 mM) (dashed line) and after the addition of different

amounts of CTAC (solid line) (inset: change in UV-absorbance towards the addition of the concentration of CTAC); (B) CD spectrum of the

H4TPPS
2� J-aggregate induced by L-[Co(en)3]

3+ (40 mM) (dashed line) and after the addition of different amounts of CTAC (solid line) (inset: CD

intensity change towards the addition of the concentration of CTAC).

Scheme 1 Schematic illustration of the competitive binding events of

chiral H4TPPS
2� J-aggregates with L-[Co(en)3]

3+ and achiral

H4TPPS
2� J0-aggregates with CTAC.
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5. The effect of polycation in H4TPPS
2� J-aggregates

formation

Polycation (poly(allyamine), PAA) could also be used to

cause the self-assembly of H4TPPS
2�.71 Around pH 7, the

H4TPPS
2� could be assembled into H-aggregates that are aligned

perpendicularly to the line connecting neighboring molecules

in the aggregates.72 While around pH 1, PAA is protonated,

due to the strong electrostatic interaction between the

positively charged PAA and the anionic H4TPPS
2� bearing

four negatively-charged sulfonate residues on the mesophenyl

substitutes group, PAA could interact with H4TPPS
2� to form

a J-aggregate whose monomer units stacked as in a slipped

deck of cards.

The changes in UV-vis spectra after the addition of PAA are

shown in Fig. 8A and B.

Fig. 8A shows the UV-vis spectrum of the H4TPPS
2�

J-aggregate induced by L-[Co(en)3]
3+ and after the addition

of different amounts of PAA. The absorption intensity at

434 nm decreased with increasing the PAA concentration, this

indicated that the free monomer H4TPPS
2� was induced to

form new J-aggregates. And, the absorption intensity at

the Q-band (491 nm) also decreased with increasing the

PAA concentration, this meant that the chiral H4TPPS
2�

J-aggregate formed by the induction of L-[Co(en)3]
3+ was

degraded. It was worth to note that the Soret band at 434 nm

of the diprotonated H4TPPS
2� was shifted to 424 nm when the

concentration of PAA is up to 6 mg mL�1. This shift of the

monomer band of the H4TPPS
2� has been found while

short-range interactions are held with the surrounding

species because of dipole interactions with the transition

moments.73–76 However, the position of the characteristic

spectrum of the J-aggregated H4TPPS
2� at 491 nm does not

shift, suggesting the existence of J-aggregates.

The CD data in Fig. 8B show that the CD signal of the

chiral H4TPPS
2� J-aggregates around 488 nm gradually

decreased with the increase of PAA concentration, but no shift

of the peak position was found in the PAA event. This is due to

the conformational flexibility change through the competitive

binding event between L-[Co(en)3]
3+–H4TPPS

2� J-aggregates

and PAA–H4TPPS
2� aggregates.

Among many non-covalent interactions, including the p–p
force, electrostatic force, hydrogen bonding and charge-

transfer interactions for the formation of highly ordered

J-aggregates of H4TPPS
2�, the p–p force is dominantly

important over the others. While a relatively low concentra-

tion of PAA was added to the system, it competed with

[Co(en)3]
3+ for binding to the sites (–SO3�) of the formed

chiral H4TPPS
2� J-aggregates and replaced the [Co(en)3]

3+ by

the multiple-point electrostatic interaction. The flexible PAA

can easily combine with the chiral H4TPPS
2� J-aggregates and

twist along the helical direction, forming the advanced stiff

H4TPPS
2–PAA complex. When more PAA was added,

the p–p force in the porphyrin J-aggregates is broken down

Fig. 8 (A) UV-vis spectrum of the H4TPPS
2� J-aggregate induced by L-[Co(en)3]

3+ (40 mM) (dashed line) and after the addition of different

amounts of PAA (solid line) (inset: change in UV-absorbance towards the addition of the concentration of PAA); (B) CD spectrum of the

H4TPPS
2� J-aggregate induced by L-[Co(en)3]

3+ (40 mM) (dashed line) and after the addition of different amounts of PAA (solid line) (inset:

change in UV-absorbance towards the addition of the concentration of PAA).

Fig. 7 (A) UV-vis spectrum of the H4TPPS
2� J-aggregate induced by CTCA (2 mM) (dashed line) and after the addition of different amounts of

L-[Co(en)3]
3+ (solid line) (inset: change in UV-absorbance towards the addition of the concentration of L-[Co(en)3]

3+); (B) CD spectrum of

the H4TPPS
2� J-aggregate induced by CTCA (2 mM) (dashed line) and after the addition of different amounts of L-[Co(en)3]

3+ (solid line)

(inset: change in CD intensity towards the addition of the concentration of L-[Co(en)3]
3+).
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by the electrostatic force, and the short-ranged electrostatic

force between the positively charged PAA and the anionic

H4TPPS
2� became dominant, so the Soret band of H4TPPS

2�

at 434 nm shifted to 424 nm, and more condensed J-aggregates

were formed by this short-ranged electrostatic force

(Scheme 2).

If the J-aggregates were firstly induced by PAA (2 mg mL�1),

the following addition of the cobalt complex does not cause

peak shift in the UV-vis spectra. As seen in Fig. 9A, the

J-aggregates induced by PAA (2 mg mL�1) have their

characterized absorbance at 434 nm and 490 nm. The follow-

ing addition of the cobalt complexes causes the absorbance

decrease at 434 nm, and no obvious change was observed at

490 nm. The CD spectrum was also taken to characterize the

H4TPPS
2�–PAA aggregates, as show in Fig. 9B, no ICD signal

was detected of the PAA induced H4TPPS
2� J-aggregates.

However, the addition of the chiral cobalt complexes could

cause a bisignated Cotton effect at 498 nm and 488 nm.

The intensity increased with more chiral cobalt complexes

added. It is worth to note that the CD intensity of the

H4TPPS
2�–PAA aggregates followed by [Co(en)3]

3+ is rela-

tively smaller compared to the [Co(en)3]
3+ induced H4TPPS

2�

J-aggregates. This is because PAA is an achiral scaffold to

guide the assembling process of H4TPPS
2�, the following

addition of the chiral inducer could only partly twist the

flexibility.

We then use PAA with a high concentration (6 mg mL�1) to

induce the self-assembly of H4TPPS
2�. The UV-vis spectra are

shown in Fig. 10, at high concentration of PAA, the

characteristic absorbance of J-aggregates at 490 nm coexists

with an absorption band at 424 nm. According to the reported

literature, the absorption band at 424 nm has the shape of the

monomer bands, and this shift of the monomer bands from

434 nm to 424 nm is explained by the stacking of the

porphyrins to the pyridinium residues which caused a short-

range interaction among the surrounding species. We then add

the chiral [Co(en)3]
3+ to the solution, but no peak shift was

found (dashed line). When we measured the CD spectra,

however, there is no CD signal of the J-aggregates after the

addition of chiral [Co(en)3]
3+ (data not shown). This is because

the high concentration of PAA causes the self-assembly of

H4TPPS
2� to form more compressed and rigid J-aggregates,

the following [Co(en)3]
3+ could not twist the flexibility, thus

the stiff structure of H4TPPS
2�–PAA J-aggregates keeps

achiral.

6. Possible mechanism of the interactions of the anionic

porphyrin with the metal complex

Shi and his co-workers reported that in the acidic aqueous

solution, the copolymer PEG114-b-P(4VP)38 could turn into a

typical neutral–cationic double hydrophilic block copolymer

(DHBC), and result in the protonation of the P(4VP) blocks.

By the electrostatic attraction between the 4(VPH)+ block of

the PEG114-b-P(4VPH
+)38 and the –SO3

� group of the TPPS,

micelles with an ion-complex of P(4VPH+) and TPPS as the

core and a water-soluble PEG block as the shell could be

Scheme 2 Schematic illustration of the chiral H4TPPS
2� J-aggregate from flexible to rigid after the addition of a polyelectrolyte.

Fig. 9 (A) UV-vis spectrum of the H4TPPS
2� J-aggregate induced by PAA (2 mg mL�1) (dashed line) and after the addition of different amounts

of L-[Co(en)3]
3+ (solid line) (inset: change in UV-absorbance towards the addition of the concentration of L-[Co(en)3]

3+); (B) CD spectrum of the

H4TPPS
2� J-aggregate induced by PAA (2 mg mL�1) (dashed line) and after the addition of different amounts of L-[Co(en)3]

3+ (solid line) (inset:

change in CD intensity towards the addition of the concentration of L-[Co(en)3]
3+).
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formed.77 Liu et al. reported the chiral self-assembly of the

anionic porphyrin in the presence of chiral cationic polymers

such as poly(L-lysine) (PLL) or poly(D-lysine) (PDL) by the

electrostatic attractive interaction.78 In one of our previous

work we found that under a low pH condition, the protonated

amino groups of various amino acids could also transfer their

chiral information to the anionic H4TPPS
2� supramolecular

aggregates. The possible mechanism is based on the chiral

amino acids binding to porphyrins through electrostatic inter-

actions between the positively charged amino cations of amino

acids and the negatively charged sulfonato anions of a

porphyrin.39 Other works related to the self-assembly of

porphyrin derivatives also showed that the electrostatic force

dominated in the formation of porphyrin J-aggregates.79,80

According to the reported literature and our experimental

results, we can speculate that the interaction of the metal

complex with the H4TPPS
2� may be via also an electrostatic

interaction mechanism. At pH = 2, the protonated species of

H4TPPS
2� is zwitterionic, and the supramolecular processes

are dominated by the electrostatic interactions and p–p stacking

among the porphyrin monomers. The positively charged

complex of [CoBr(NH3)(en)2]
2+, [Co(en)3]

3+ and [Ru(phen)3]
2+

could serve as a center of condensation due to partial

neutralization of approaching H4TPPS
2� molecules, thus

helping them to come into closer contact with each other

and lead to the transformation of the chirality to the

J-aggregates. For the electrostatic repulsion effect between

the complex anion ([Co(edta)]�) and negatively charged

sulfonate groups, the distance among the porphyrin monomers

increased, making them far from each other, so it is difficult to

cause the self-aggregation behavior.81 The above competitive

binding events between the cationic surfactant and poly-

electrolyte with the chiral metal complex further demonstrate

the mechanism of the electrostatic effect on the chiral self-

assembly process.

We have also investigated the effect of the chiral metal

complexes on the self-assembly process of the cationic pseudo-

isocyanine (PIC). The preliminary experimental results show

that only the multiple p-conjugated chiral metal complexes

could transfer their chiral information to the cationic PIC

J-aggregates. That indicated the driving force of the chiral

induced process in the cationic monomer PIC is dominated by

the p–p stacking between the PIC monomer and the multiple

p-conjugated metal complexes. This interesting work is still

being investigated in our lab. These works may help us to

understand the mechanism in the self-organization processes.

Conclusions

In summary, we have investigated the non-covalent interaction

between the achiral well extended p-conjugate dye molecules

(H4TPPS
2�) and four pairs of chiral metal complexes. The

interaction is primarily based on the intramolecular p–p stacking

and the intermolecular electrostatic force. The results showed

that only chiral complex cations of [Co(en)3]
3+, [CoBr

(NH3)(en)2]
+ and [Ru(phen)3]

2+ could induce the self-assembly

of the anionic porphyrin derivatives, with their chirality trans-

ferred to the formed J-aggregates. The competitive binding events

of the H4TPPS
2�–cobalt complex with a cationic surfactant and a

polycation electrolyte have also been investigated. The CTAC

induced J-aggregates show chirality due to chiral-symmetry-

breaking. The helicity of the aggregates can be further

controlled by chiral additives. It was also found that the

polycation electrolyte (PAA) could competitively bind to the

H4TPPS
2�–cobalt J-aggregates, and make the J-aggregates

more compressed and stiff. These results can help us

understand the mechanism of non-covalent interactions in

the self-assembly process of the chiral supermolecules.
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