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Perylene dyes tend to form H-aggregates because of their large aromatic p-core and high

hydrophobicity. We report here a chiral asymmetric catalytic synthesis of water-soluble chiral

J-aggregates from highly hydrophobic and achiral perylene dianhydride (PDA). We propose to

generate in situ aggregating hydrophobic species from a water soluble precursor so that it aggregates at

a low concentration in solution within a predesigned microenvironment to stabilize the formed

aggregates. Choosing PDA as an example, we generated it in situ from a water-soluble perylene-

3,4,9,10-tetracarboxylate in acidic cetyltrimethylammonium bromide (CTAB) micelle solution,

employing small molecule D- and/or L-tartaric acid as the chiral auxiliary. CD spectra of the PDA

J-aggregates formed in the presence of D- and L-tartaric acid, respectively, were mirror images of each

other. When the chiral auxiliary was absent, water-soluble J-aggregates of PDA were also obtained

from acidic HCl-CTAB solution but they were then achiral. This confirms that the chirality of the

J-aggregates is transferred from tartaric acid. Using an L-/D-tartaric acid mixture of varying ee as the

chiral auxiliary, the exciton-coupled induced circular dichroism (ICD) signal of the formed PDA

J-aggregates shows an ‘‘S’’-shaped profile when plotted versus ee, indicating that chiral amplification

occurs. Purified J-aggregates were found to contain PDA and CTAB, whereas tartaric acid was hardly

detected, yet the ICD signals remained the same as those in the presence of tartaric acid before

purification. This indicates memory in the J-aggregates of the chirality of tartaric acid. The ICD signal

of the purified J-aggregates was also found to remain unchanged upon addition of a large excess of the

other enantiomer of tartaric acid than the one used to induce the chirality, implying the imprinting of

the chirality in the J-aggregates. The J-aggregates of PDA were shown to be positively charged from the

polar heads of the CTAB surfactant molecules that help to disperse the aggregates and prevent their

precipitation in aqueous solution. It was found that it is critical that the surfactant tail is long enough

for the chiral J-aggregates to be created. This suggests that the hydrophobic tail might act as a pillar to

support the J-aggregates that are driven by edge-edge hydrophobic interactions. With this in situ

generation for the highly hydrophobic perylene dyes we succeeded in creating water soluble

J-aggregates, chiral and achiral, in a controllable manner.
Introduction

Fabricating supramolecular structures with memory of chirality

has drawn intensive recent interest because of its theoretical

significance and potential applications.1–3 For memory of the

chirality, chiral induction and memorization are two key

processes. The former process transfers the chirality from chiral

auxiliary to the supramolecular structure formed by achiral
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components, while the latter renders the supramolecular struc-

ture with the ability to sustain the chirality after removal of the

external chiral auxiliary. Memory of chirality has been success-

fully achieved in macromolecules.4 Construction of supramo-

lecular structures with memorized chirality, despite successful to

some extent, still remains a challenge since supramolecular

structure that is maintained by weak non-covalent interactions is

highly susceptible to dissociation and racemization. Memory of

chirality requires kinetically inert structure that to a high extent

relies on structural rigidity.5 Hydrogen bonding,1 ion pairing,2

and metal coordination3 are directional forces that have been

employed to enhance the rigidity of the formed supramolecular

structures. Other non-covalent interactions, such as directionless

hydrophobic interactions that widely exist in Nature,6 are rarely

employed in that regard. Yashima et al.7 have created chiral
Chem. Sci., 2011, 2, 937–944 | 937
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J-aggregates from achiral charged cyanine dyes inside the

hydrophobic helical cavity of a poly(phenylacetylene) polymer

via weak hydrophobic interactions, in which the memory of the

chirality in the J-aggregates was attributed to van der Waals

interactions between the charged cyanine dyes. Herein, we report

the transferring, amplification, and memory of chirality in J-type

aggregates of achiral perylene-3,4,9,10-tetracarboxylic dianhy-

dride (PDA, Scheme 1), in which hydrophobic interactions lead

to enhanced structural rigidity that helps to sustain the chirality

from the small molecule chiral auxiliary. This may be of signifi-

cance for the understanding of the role that weak and direc-

tionless hydrophobic interactions play in the memory of

chirality.

Fabrication of supramolecular structures is in general carried

out in solution phase.8 Self-assembly of neutral perylene dyes has

so far been carried out almost entirely in organic solvents and

synthetic introduction of long alkyl chains is essential to increase

the solubility of the neutral perylene dyes. Although the synthetic

procedures to obtain perylene derivatives are not simple, inves-

tigation of the aggregation of perylene dyes has attracted intense

interest due to the outstanding optical properties and potential

applications of their aggregates in n-type semiconductors,9

photo-induced electron transfer systems,10 organic light-emitting

diodes (OLEDs),11 and organic solar cells.12 Differing from

cyanine dyes7,13 and porphyrins14 that easily form J-type aggre-

gates, neutral perylene dyes tend to undergo ‘‘face-to-face’’ H-

aggregation because of their strong p–p stacking,15 construction

of their ‘‘head-to-tail’’ J-type aggregates being hence rather

difficult. W€urthner et al.16 have fabricated a series of J-aggregates

of perylene dyes in methylcyclohexane via strongly slipped

packing of the perylene bisimides with the perylene core being

twisted by bay substitution. Yagai et al.17 constructed H- to

J-type transformable aggregates of core-unsubstituted perylene

bisimides by hydrogen-bonding directed complexation with

cyanuric acids of the melamine unit in perylene bisimide in

methylcyclohexane. In these systems, non-polar organic solvents

are essential for increasing the solubility of the perylene dyes and

for facilitating intermolecular hydrogen bonding interaction.

J-type aggregation of the neutral perylene dyes has, however, not

been observed in aqueous solutions. This could be due to the

facts that (i) perylene dyes, especially the non-functionalized

perylene dianhydride, is poorly soluble in polar solvents such as

water, which inhibits further assembling to form supramolecular
Scheme 1 Structure of PDA, PTK, L-/D-tartaric acid, L-lactic acid, and

CTAB.

938 | Chem. Sci., 2011, 2, 937–944
structures, and (ii) even when the aggregation can occur it

proceeds too fast to be controlled.

Enlightened by the dehydration of perylene tetracarboxylic

acid that leads to perylene anhydride, a reaction that has been

widely employed in the synthesis of perylene bisimide dyes,9c,18

we proposed to generate in situ PDA from a water soluble

precursor potassium perylene tetracarboxylate (PTK, Scheme 1).

Tartaric acid was employed as a chiral auxiliary and an acid

source. The dehydration reaction of the protonated PTK in

acidic solution is slow, hence allowing for the in situ generation of

PDA monomers to form asymmetric supramolecular structures

under the mediation of chiral tartaric acid. Because of the weak

intermolecular hydrogen bonding between tartaric acid and

PDA in aqueous solution, chiral tartaric acid could easily detach

from the formed chiral aggregates of PDA and it thus functions

as a chiral catalyst in the dehydration-aggregation process.

Neither the neutral perylene tetracarboxylic acid nor the subse-

quently formed PDA are soluble in water, CTAB micelles

(Scheme 1) were therefore introduced in an attempt to prevent

quick precipitation of the rapidly aggregated neutral perylene

dyes, in which H-aggregates are dominant. We thus successfully

fabricated the water-soluble J-aggregates of PDA, with amplified

supramolecular chirality being memorized and imprinted.
Results and discussion

Chirality transfer in J-aggregates of PDA

Upon mixing PTK (50 mM) and L- or D-tartaric acid (0.5 mM) in

CTAB (5 mM, critical micelle concentration ca. 0.9 mM)

aqueous solution (see experimental section in ESI†), the original

bright green luminescent solution changed to orange and then to

a transparent magenta color gradually within 36 h at 17 �C.

During this process the solution changed to be hardly lumines-

cent. Formation of PDA was confirmed by the electrospray

ionization mass spectroscopy (Fig. S1 in ESI†).

Perylene dyes tend to undergo sandwich-like H-type aggre-

gation, characterized by a blue-shift and broadening of the

absorption band.15 However, the absorption spectrum of the

in situ generated aggregates of PDA in aqueous CTAB micellar
Fig. 1 Absorption spectra of (a) PTK (50 mM) in aqueous CTAB

(5 mM) solution, (b) PDA (2.5 mM) monomer in DMF, and (c) PDA

(50 mM) J-aggregates in aqueous CTAB (5 mM) solution.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Traces of (a) CD and (b) absorption spectra during the

J-aggregation process of PDA (50 mM) (mediated by L-tartaric acid,

0.5 mM) in aqueous CTAB (5 mM) solution at 17 �C within 36 h.
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solution exhibits an unusually narrow band at 538 nm with

a high extinction coefficient of 4.9 � 104 M�1 cm�1 (Fig. 1c).19

Injection of the generated aggregates of PDA (50 mM) in CTAB

solution into DMF resulted in a bright yellow luminescent and

temporarily stable solution that emitted the fluorescence typical

of the perylene dianhydride dye monomer (Fig. S2, ESI†). In

contrast to the absorption of the PDA monomer in DMF

(Fig. 1b), absorption of its aggregates in CTAB solution is red-

shifted by 21 nm from that of the monomer peaked at 517 nm,

with an extraordinarily reduced full-width-at-half-maximum

(FWHM) of 569 cm�1 compared to 1169 cm�1 of the monomer.

These spectral features are indicative of the J-aggregation of

PDA in aqueous CTAB micelle solution.16,17,20

A highly efficient chiral induction in the formed J-aggregates

of PDA was identified from the appearance of strong split CD

Cotton effects corresponding to the absorption of the J-aggre-

gates mediated by chiral tartaric acid. The CD spectrum of

J-aggregates mediated by L-tartaric acid (Fig. 2) exhibits two very

strong Cotton effects of opposite signs in the absorption region

around 538 nm of the J-band of PDA aggregates. The first

Cotton effect at longer wavelength (543 nm) has a value D3 of

+280.2 M�1 cm�1, while the second one at a shorter wavelength

(530 nm) has a D3 value of �137.6 M�1 cm�1. These are typical

features of exciton-coupled CD.21 Difference of the amplitudes of

the two Cotton effects gives an A-value of 417.8 M�1cm�1.22 The

positive A-value suggests a right-handed helical arrangement of

the transition dipole moments of PDA molecules in the

J-aggregates. The CD patterns of the J-aggregates of PDA

mediated by L- and D-tartaric acids are perfect mirror images of

each other (Fig. 2a), confirming that the induced CD signals of

the J-aggregates of PDA originate from the absolute configura-

tion of the chiral auxiliary tartaric acid.

In order to follow the formation of the chiral J-aggregates, the

dehydration reaction from PTK to the J-aggregates of PDA was

monitored by both absorption and CD spectra (Fig. 3). At the

time of mixing PTK with the chiral tartaric acid, when the

generated PDA may have not aggregated, no CD signal was

observed which suggests that the chirality can not be transferred

from the chiral auxiliary to the perylene dye monomers. As the
Fig. 2 (a) CD spectra of PDA J-aggregates mediated by L- (black trace)

and D-tartaric acid (red trace) and (b) absorption spectrum of PDA

J-aggregates. Concentration of PDA was 50 mM in aqueous CTAB

(5 mM) solution. [tartaric acid] ¼ 0.5 mM.

This journal is ª The Royal Society of Chemistry 2011
reaction proceeded, the original vibronic absorption of the

monomers decreased while a new band at longer wavelength

emerged (Fig. 3b). However, a CD signal was still not observed in

the first 6 h. Only thereafter a distinct sharp absorption at 538 nm

evolved as well as the exciton-coupled CD signal (Fig. 3a),

indicating the start of the J-type chiral aggregation of the in situ

generated PDA. It is noteworthy that during the aggregation

process the shape of the CD spectrum remains the same (Fig. 3a).

This means that it is the ultimately formed J-aggregates rather

than any intermediate form that exhibit the induced chirality.
Chiral amplification in the in situ created J-aggregates

Chiral amplification in supramolecular structures has inspired

a great variety of research because of its significance in under-

standing the origin of chirality in Nature and the applications in

asymmetric synthesis.23 We examined the induced supramolec-

ular chirality of the J-aggregates as a function of the ee of the

chiral auxiliary of L- and D-tartaric acids mixture. The induced

CD signal of the J-aggregates of PDA was found to exhibit an

‘‘S’’-shaped profile when plotted against the ee (Fig. 4). This
Fig. 4 D3 value at 543 nm of PDA (50 mM) J-aggregates mediated by

tartaric acid (0.5 mM) of varying ee value in aqueous CTAB (5 mM)

solution. Dashed line indicates the response in case of no chiral ampli-

fication.

Chem. Sci., 2011, 2, 937–944 | 939
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means a major enantiomer of the chiral auxiliary dictates the

helical handedness of the supramolecular assembly, known as the

‘‘majority-rules’’.23,24 For example, L-tartaric acid at only 20% ee

is able to induce a CD signal 58% as large as that observed with

pure L-tartaric acid (Fig. 4). A chiral amplification in the PDA

J-aggregates is hence shown.
Role of tartaric acid in chiral induction in the J-aggregates

These observations suggested that a chiral induction occurred by

tartaric acid to the J-aggregates of neutral PDA upon the in situ

generation of PDA. The influence of tartaric acid concentration

on the chiral induction was investigated. In order to fix the extent

of PTK protonation, the solution pH was maintained at 3.0 by

HCl or KOH. Varying amounts of tartaric acid were introduced,

from 0 to 100 equivalents of PTK. In the absence of tartaric acid,

the aggregates formed in the acidic solution of HCl (pH 3.0)

showed the same absorption spectra as those of the J-aggregates

formed in the acidic solutions of chiral tartaric acids, whereas no

induced CD signal was observed. This observation indicated that

PDA generated in situ in acidic CTAB solutions from water-

soluble PTK could form J-aggregates, irrespective of the pres-

ence or not of the chiral auxiliary. The fact that when chiral

tartaric acid was added, the obtained J-aggregates of PDA were

chiral, confirmed that the chirality was transferred from the

tartaric acid. In this case, the induced supramolecular chirality of

the J-aggregates is highly dependent on the concentration of

tartaric acid. With increasing concentration of tartaric acid from

2 to 10 equivalents of PTK, the intensity of the induced CD

signal was enhanced by over 17-fold from 16.4 to 286.7 M�1 cm�1

(Fig. 5), although the absorption spectra are more or less the

same. The nonlinear profile of the induced CD signal towards the

concentration of chiral auxiliary in an ‘‘S’’-shape (Fig. 5 inset),

together with the observed ‘‘majority-rules’’ character shown in

Fig. 4, suggests a cooperative interaction in the chiral inducing

process. Further increase in the concentration of tartaric acid

(>20 equivalents) disfavored the formation of J-aggregates, both

the J-band at 538 nm and the corresponding CD signal decreased

(Fig. 5 inset).
Fig. 5 CD spectra of PDA J-aggregates mediated by L-tartaric acid of

varying concentration in pH 3.0 aqueous CTAB solution (5 mM). Inset

shows the CD intensity at 543 nm as a function of [L-tartaric acid]/[PTK]

ratio. [PDA] ¼ 50 mM.

940 | Chem. Sci., 2011, 2, 937–944
Control experiments with a chiral model acid, L-lactic acid that

bears only one carboxylic group and one chiral carbon

(Scheme 1), showed that only an insignificant induced CD signal

was observed, the intensity being less than 3% of that induced by

L-tartaric acid, while the absorption spectra were the same as

those of the J-aggregates mediated by the chiral tartaric acids

(Fig. S3, ESI†). This observation strongly supports the critical

role of the two asymmetrically arranged carboxylic groups of

chiral tartaric acid in inducing the supramolecular chirality in the

PDA J-aggregates. Referring to the structure of the tartaric acid

(Scheme 1), rotation of the two chiral centers around the C*–C*

axis leads to three conformers, T, G+, and G� (Fig. 6).25

According to the exciton chirality model,21 the two carboxylic

groups arranged in one plane in the preferred T conformer of the

tartaric acid would not be able to induce any exciton-coupled CD

of PDA. The G+ conformer of L-tartaric acid, despite a higher

steric hindrance from the adjacent carboxylic groups, could be

stabilized by the two possible six-membered ring intramolecular

hydrogen bonds.25a An equilibrium therefore exists between the

T and G+ conformers of tartaric acid. Arrangement of PDA

monomers along the direction of the two carboxylic groups in the

G+ conformer of L-tartaric acid would lead to a right-handed

helical sense that will induce a positive exciton-coupled CD of the

PDA J-aggregates (Fig. 6),21 which is indeed confirmed by the

experimental observation (Fig. 2a, black trace).
Memory of the induced supramolecular chirality in J-aggregates

of PDA

It was observed that once the aggregate was formed, the chirality

was ‘‘memorized’’. The positive exciton-coupled CD signal of the

PDA J-aggregates induced by L-tartaric acid remained

unchanged after further addition of 10-fold excess of D-tartaric

acid, even after later standing at 10–15 �C for 1 week when over

95% of its original CD intensity was observed (Fig. S4, see ESI†).

Meanwhile, achiral PDA J-aggregates formed in HCl-CTAB

solution remained achiral upon later addition of excess amounts

of chiral tartaric acid. These observations show that the chirality
Fig. 6 Conformation equilibrium of L-tartaric acid and the induced

right-handed helical array of PDA due to the G+ conformer of L-tartaric

acid. The right-handed helical arrangement of the transition dipole

moments of PDA monomers would induce a positive Cotton effect at

longer wavelength and a negative Cotton effect at shorter wavelength,

known as the positive exciton-coupled CD illustrated in the CD

spectrum.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 7 Traces of (a) CD and (b) absorption spectra of the purified PDA

(50 mM) J-aggregates (mediated by L-tartaric acid) in water at 30 �C

within 20 h.

Fig. 8 Modelling of the proposed structure of CTAB embedded PDA

aggregates using Chem3D. Calculations show that the volume of the

cavity formed by 15 PDA molecules (5 circles, 3 PDA molecules per

circle) is 1912 �A3 that could accommodate ca. 26 CTAB alkyl chains,

giving a 1 : 1.7 molar ratio of PDA to CTAB. The blue shadow represents

the hydrophobic microenvironment in which CTAB is embedded and the

yellow shadow represents the surrounding aqueous medium.
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of the formed J-aggregates of PDA is stable enough to resist the

disturbance of external chiral stimulus.

The J-aggregates of PDA were further isolated and purified by

means of precipitation (see experimental section in ESI†). The

purified J-aggregates exhibit very broad 1H NMR signals in D2O

(Fig. S5a, see ESI†), suggesting a compact aggregation of the

components. Upon addition of excess amounts of solid KOH,

hydrolysis of PDA to PTK occurred immediately and the 1H

NMR spectrum then showed distinct PTK and CTAB proton

signals (Fig. S5b, see ESI†) whereas no C*–H signal of tartrate at

4.23 ppm was observed (Fig. S6, see ESI†). The J-aggregates were

then probed to constitute of PDA and CTAB. On the basis of the

integrals of proton peaks the molar ratio of PDA to CTAB was

calculated to be 1 : 1.6 (Fig. S5b, see ESI†). 1H NMR titrations

of L-tartrate in D2O solution of PTK showed that the amount of

the possibly remaining tartaric acid was less than 0.5% of PDA

(Fig. S7, see ESI†), that should have not been enough to induce

the chirality of the aggregates if the tartaric acid was indeed

needed (Fig. 5). Actually we found that the absorption and CD

spectra of the purified J-aggregates were almost the same as those

before purification when excess amounts of tartaric acid and

CTAB coexisted (Fig. S8, see ESI†). This means that the chirality

of the J-aggregates of PDA is memorized and imprinted. Further

addition of D-tartaric acid in the purified chiral J-aggregates of

PDA mediated by L-tartaric acid led to no changes in the CD

spectrum (Fig. S9, see ESI†), further confirming the chirality

imprinting in the PDA J-aggregates. These observations actually

reveal the catalytic nature of the tartaric acid in chiral induction,

since the tartaric acid is neither a part of the finally synthesized

chiral product (the aggregates), nor being changed during the

formation of the aggregates. Refering to the previously reported

examples of memory of chirality in supramolecular aggregates

from achiral species,1–3,7 such a chiral asymmetric synthetic

approach for chiral J-aggregates of perylene dyes, together with

the chiral amplification and memory, represents the first of its

kind.

The purified PDA-CTAB binary aggregates were found to be

stable in water at 10–15 �C for several weeks, the CD signal at

543 nm being 70% of the original value after one month.

However, the J-aggregates became unstable at a higher temper-

ature of 30 �C, when a transformation of the J-aggregates to

H-aggregates occurred. This was indicated by the time-depen-

dent absorption spectrum. The J-band at 538 nm of the

J-aggregates was found to gradually disappear while a new and

substantially blue-shifted and broad band at 469 nm (the

H-band) developed (Fig. 7b). Meanwhile, the CD signals dras-

tically decreased and eventually inverted to a weak and negative

exciton-coupled CD signal (Fig. 7a).

X-ray diffraction (XRD) of the J-aggregates showed no

significant diffraction signal, whereas the transformed H-aggre-

gates exhibited distinct p–p stacking peak with a d-spacing of

3.24 �A (Fig. S10, see ESI†). The latter is consistent with the ‘‘face-

to-face’’ character of the H-aggregation.9c The absence of

a diffraction signal from the J-aggregates suggests no or little

p–p stacking, which is interesting in terms of the strong p–p

stacking nature of the large perylene core in PDA. However,

PDA could alternatively take an ‘‘edge-to-edge’’ array in

a coplanar pattern (Fig. 6 and Fig. 8 in the next section), leading

to J-aggregates that structurally resemble helical organic
This journal is ª The Royal Society of Chemistry 2011
nanotubes formed by coplanarly arranged naphthalenediimides

bearing chiral amino acid residues.26 In the J-aggregates of PDA,

perylene dyes may form similar tube-like structure maintained by

hydrophobic interaction, while the tail of CTAB molecule could

be stuffed in the tubular cavity acting like a pillar (Fig. 8 in the

next section). This proposed pattern of aggregation could explain

the broad 1H NMR bands (Fig. S5, see ESI†) and XRD data

(Fig. S10, see ESI†) and account for the observed smaller spectral

red-shift by 21 nm of the J-aggregates of PDA (Fig. 1) compared

to a large red-shift (>70 nm) in the previously reported

J-aggregates in organic solvents that are formed by p–p stacked

perylene bisimide dyes in a slipped arrangement.16
Role of CTAB in the formation of chiral J-aggregates of PDA

A high concentration of CTAB (5 mM, cmc of CTAB is 0.9 mM)

was originally applied to prevent the rapid aggregation of the
Chem. Sci., 2011, 2, 937–944 | 941

http://dx.doi.org/10.1039/c1sc00043h


Pu
bl

is
he

d 
on

 2
5 

Fe
br

ua
ry

 2
01

1.
 D

ow
nl

oa
de

d 
on

 1
4/

01
/2

01
4 

07
:2

3:
18

. 

View Article Online
highly hydrophobic neutral perylene species. At lower CTAB

concentration, H-type aggregation of PDA was indeed observed

that eventually led to precipitation. Detailed investigations

revealed that the role of CTAB was beyond that originally

intended. 1H NMR of the purified J-aggregates showed that

CTAB was a component in the aggregates. The observed very

broad NMR signals of CTAB between 0 and 4 ppm (Fig. S5a, see

ESI†) were indicative of the compact aggregation of CTAB

within a confined space, the tail of CTAB being something like

a pillar to support the asymmetrically aligned PDA molecules in

the J-aggregates. The zeta potential of the purified PDA

J-aggregates in water, measured to be +36.72 mV, indeed

informed that the aggregates were highly positively charged. This

served as a support of the pillar role of CTAB in stabilizing the

J-aggregates of PDA. The positive charges of the aggregates

brought about by the included CTAB molecules thereby facili-

tated stable dispersion of the aggregates in water and prevented

them from further aggregation. A structural rigidity was hence

afforded as the adjacent PDA molecules were interlocked under

the immense pressure of the hydrophobic effect and backed up

by the embedded CTAB (Fig. 8), thereby diminishing racemi-

zation and rendering the J-aggregates with excellent memory of

the induced chirality. The contribution of the hydrophobic effect

was supported by the effect of the added organic solvents such as

ethanol and acetonitrile into the aqueous solutions of the

J-aggregates that led to a quick J- to H-aggregate transformation

and a concomitant dramatic decline of the CD signals.

Modeling of the CTAB embedded structure of the J-aggre-

gates of PDA suggested that the aggregate composed of 15 PDA

monomers (5 circles, based on CTAB tail-to-tail embedding

pattern) was able to accommodate ca. 26 CTAB molecules

(Fig. 8), giving a 1 : 1.7 molar ratio of PDA to CTAB. This may

help to define the structure of the PDA J-aggregates we experi-

mentally created, for which 1H NMR suggested a 1 : 1.6 molar

ratio of PDA to CTAB (Fig. S5b, see ESI†).

In order to understand the ‘‘pillar’’-like role of the alkyl tail in

the surfactant molecule in backing up the J-aggregates of PDA,

CTAB derivatives with tail of varying length were examined. The

absorption and CD spectra of the PDA aggregates formed in the
Fig. 9 (a) CD and (b) absorption spectra of PDA (50 mM) aggregates

mediated by L-tartaric acid (0.5 mM) in OcTAB (3 mM, black trace),

CTAB (5 mM, red trace), TTAB (5 mM, blue trace), and DTAB (20 mM,

green trace) solution.

942 | Chem. Sci., 2011, 2, 937–944
solution of 3 mM OcTAB with a C18 tail (cmc of OcTAB,

0.2 mM) are similar to those of the aggregates obtained in the

solution of CTAB bearing a C16 tail (Fig. 9), respectively. The

absorption spectra of the PDA aggregates obtained in the solu-

tion of 5 mM TTAB with a shorter C14 tail (cmc of TTAB,

3.8 mM), however, exhibited two distinct bands, the red-shifted

one at 549 nm (the J-band) and the blue-shifted and broad band

at 478 nm (the H-band) (Fig. 9b). This suggested that both the

J- and H-type aggregation occurred in the solution of TTAB. The

CD spectrum, although it exhibited a positive exciton-coupled

CD signal corresponding to the J-band at 549 nm (Fig. 9a), gave

an A-value of +98.3 M�1 cm�1 that is much lower than that of the

aggregates obtained in CTAB solution (+417.8 M�1 cm�1,

Fig. 2a). In the solution of DTAB (20 mM, cmc of DTAB

14.4 mM) with a further shorter C12 tail, the obtained PDA

aggregates were dominantly of H-type, as suggested by a distinct

blue-shifted and broad H-band absorption around 470 nm and

a very weak CD signal (Fig. 9). Since the cmc values of these

surfactants differ quite much, experiments at a variety of TTAB

concentrations were then performed. It was found that with

increasing TTAB concentration from 5 mM to 100 mM, the

absorption at 513 nm of the PDA monomer was restored

together with a total quenching of the CD signal (Fig. S11, see

ESI†). This means that an increase in the concentration of the

surfactant bearing a short tail does not help the J-aggregation,

but instead inhibits the aggregation. It was hence shown that the

alkyl tail of the surfactant molecule should not be shorter than

C16 in order to afford the J-aggregates of PDA in the aqueous

micellar solution, a fact that supports the pillar role of the

surfactant tail.
Conclusions

We developed a convenient and efficient chiral catalytic proce-

dure for fabricating J-type aggregates from the highly hydro-

phobic perylene dianhydride in aqueous solution. A slow

dehydration reaction that allows for an in situ generation of PDA

from its water soluble precursor perylene tetracarboxylate in

acidic CTAB solution was established to afford stable and water

soluble J-aggregates in aqueous solutions. These were shown to

be positively charged, led by the inclusion of cationic surfactant

molecules in the aggregates. In agreement with this observation

was the fact that stable J-aggregates could also be formed in the

acidic solutions of OcTAB with a longer alkyl tail; whereas in the

acidic solutions of TTAB and DTAB bearing shorter tails than

C16, a mixture of J- and H-aggregates and only H-aggregates

were obtained, respectively. This indicates that an alkyl tail in the

surfactant molecule of sufficient length is necessary to support

the J-aggregates of PDA. The CD spectra of the J-aggregates

obtained in the solutions of L- and D-tartaric acids were mirror

images of each other, confirming that the chirality of the

J-aggregates was transferred from the tartaric acid. Using

another chiral acid, L-lactic acid that bears only one carboxylic

group, only a very weak CD signal was observed from the

obtained J-aggregates of PDA, illustrating that both the two

carboxylic groups of tartaric acid are involved in the asymmetric

supramolecular aggregation of PDA for transferring the chirality

of tartaric acid. The chirality of the obtained J-aggregates of

PDA was found to be memorized and imprinted from the chiral
This journal is ª The Royal Society of Chemistry 2011
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auxiliary, as shown by the following facts, (i) the CD signals of

the PDA J-aggregates remained unchanged after later addition

of excess amounts of the chiral tartaric acid in the solutions

where the aggregates were created in the presence of the tartaric

acid of opposite chirality, (ii) the CD signals of the purified

J-aggregates, probed to constitute of PDA and CTAB, remained

to be the same as those before purification when tartaric acid co-

existed, and (iii) later addition of excess amounts of tartaric acid

of the opposite chirality to the purified J-aggregates of PDA did

not lead to any change in the CD signals either. It is interesting

that, when the acid source in the acidic CTAB solution of PTK

was HCl, water soluble J-aggregates of PDA were obtained too.

But the thus obtained J-aggregates from achiral PDA remained

achiral, even after later addition of chiral tartaric acid. Again this

supports that the chirality of the obtained J-aggregates of PDA

in the presence of tartaric acid was derived from the chiral

catalysis of the tartaric acid in the in situ generation and the

chiral aggregation of PDA. Using a D- and L-tartaric acid

mixture as the chiral auxiliary, the CD signal of the obtained

chiral J-aggregates of PDA exhibited an ‘‘S’’-shaped profile when

plotted against the ee of the mixture, a phenomenon termed

‘‘majority-rule’’ that probes a chiral amplification in the chirality

transferring. This is of significance for asymmetric organic

synthesis and is probably of relevance to the understanding of the

origin of chirality in Nature. Cationic surfactants with a suffi-

ciently long alkyl tail were shown to play an important role in the

slow creation of the highly hydrophobic PDA in aqueous solu-

tion. They also help to stabilize the formed J-aggregates, in which

they are included, so that the alkyl chain acts like a pillar and its

cationic polar head helps to disperse the otherwise hydrophobic

aggregates in aqueous solutions. The present observation of

chirality transfer, memory and imprinting, and amplification in

the same system represents the first example that all these three

phenomena are observed in aqueous solution of J-aggregates

driven by directionless hydrophobic interactions. Given the

importance of the aggregates of perylene derivatives and their

applications in optoelectronics, chiral J-aggregates that are

otherwise not feasible to create might be of significance for chi-

roptics and chiral optoelectronics. It is in this regard expected

that the protocol of creating water soluble J-aggregates from

highly hydrophobic perylene dyes in micellar solutions might be

applied for other derivatives of perylenes.
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