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Self-assembling features of the disk-shaped copper(II) phthalocyanine (Pc) molecules carrying four

enantiopure (S)- and (R)-1-(p-tolyl)ethylaminocarbonyl groups at their peripheral positions,

CuPc-(S) and CuPc-(R), were studied. For comparison, an analogous CuPc carrying racemic

1-(p-tolyl)ethylaminocarbonyl groups, CuPc-(RS), was used. From circular dichroism and visible/

infrared spectroscopic studies with wide-angle-X-ray diffraction data, CuPc-(S) and CuPc-(R)

were shown to generate optically active p�p stacked assemblies formed in less-polar solvents.

CuPc-(RS) produced similar assemblies with a loss of optical activity in the less-polar solvents.

Plural interactions of Pcp/Pcp stacking, quadruple hydrogen bonding, homochiral stereocenters at

the peripheral groups, bulky aralkyl entities and weak coordinating nature of copper(II) of the

CuPcs were thought to be responsible for the formation of the optically active CuPc assemblies.

The solvent effect was evident: less polar chloroform and tetrahydrofuran helped to generate the

optically active CuPc assembly while highly polar N,N-dimethylformamide gave a monomeric Pc

species due to the loss of Pc–Pc intermolecular hydrogen-bonding interaction. The self-assembling

ability of the CuPcs was similar to NiPc analogues carrying the same chiral peripherals reported

previously. Atomic force microscope study revealed that by casting dilute chloroform solutions of

CuPc-(S), CuPc-(R) and CuPc-(RS) onto mica surface, worm-like supramolecular polymers were

observed while the NiPc-(R) analogue provided needle-like supramolecular polymers.

Introduction

DNA and polypeptide, which are typical biopolymers, consist

of D-ribose and L-amino acid as chiral building blocks with the

same handedness, respectively. Scientists have long thought

about the origin of biomolecular homochirality. Due to

biomolecular handedness, biopolymers are able to adopt

inherent helical and suprahelical architectures in water.1 The

enantiopurity is responsible for the emergence of many bio-

logical functions involving enzymatic catalysis, heritable

characters, and pharmaceutical and toxicological activities.

From the viewpoint of polymer chemistry and supramolecular

chemistry, double-strand (ds) stiff DNA chain is classified into

a supramolecular polymer made of two single-strand (ss)

flexible DNA chains with the help of hydrogen-bonding,

p�p and electrostatic interactions. The backbone of ss-DNA

is a floppy alternating copolymer made of enantiopure deoxy-

nucleoside and achiral phosphate moiety. Deoxynucleoside is

a monomer composed of D-ribose bearing four different

achiral p-conjugated nucleobases (adenine, cytosine, guanine,

and thymine). As the p�p stacks of nucleobases are slippery,

twist sense of the helical motif is induced by the D-ribose

homochirality. The nucleobase p�p stacking structures are

hence covalently linked by achiral phosphate.

By learning this programmed left�right preference in bio-

logical chirality, the self-organisation of artificial synthetic

molecules to design supramolecular materials with novel

functions has been widely exploited.2,3 Among these, several

p-conjugated molecules involving triphenylene, porphyrin and

phthalocyanine (Pc) have been widely investigated as building

blocks for key materials to produce molecule-based electronic,

photonic and optoelectronic devices.4,5

Pc and its metal derivatives (MPcs) among p-conjugated
molecules have received much attention due to their high

thermal and chemical stability, chemical modification ability,

photoconductivity in visible region and dark conductivity

upon doping.6,7 As one of the most interesting structure-

�property relationships in the field of Pc-related material

science, several optically active Pcs and MPcs which are able

to adopt one-dimensional (1-D) helical architectures are

successfully generated due to their high cofacially p�p stacking

a Graduate School of Materials Science, Nara Institute of Science and
Technology, 8916-5 Takayama, Ikoma, Nara 630-0192, Japan.
E-mail: fujikim@ms.naist.jp; Tel: +81 743-72-6040

bCollege of Chemistry, Chemical Engineering and Materials Science
of Soochow (Suzhou) University, Suzhou 215123, China.
E-mail: weizhang@ms.naist.jp, weizhang@suda.edu.cn

w Electronic supplementary information (ESI) available: MALDI-TOF
mass and IR spectra of CuPc-(S), CuPc-(R) and CuPc(RS), CD/visible
spectra of CuPc-(S) in DMF and CD/visible spectra of CuPc-(S) in
CHCl3. Preliminary VSM data of CuPc-(R), EPR spectrum of
CuPc-(S), and AFM and MFM data of CuPc-(S) on mica. See DOI:
10.1039/c0nj00374c
z Current address: Stella Chemifa Corporation, Japan.
y Current address: Nitto Denko Corporation, Japan.
z Current address: GE India Technology Centre, Bangalore, India.
8 Current address: Advanced Industrial Science and Technology
(AIST), Japan.
** Current address: JASCO Corporation, Japan.

2310 | New J. Chem., 2010, 34, 2310–2318 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010

PAPER www.rsc.org/njc | New Journal of Chemistry

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

21
 O

ct
ob

er
 2

01
0

Pu
bl

is
he

d 
on

 0
8 

Ju
ly

 2
01

0 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

0N
J0

03
74

C
View Online

http://dx.doi.org/10.1039/C0NJ00374C


ability. Several workers have reported facile generation of

helical Pc and MPc supramolecules so far.

In 1999, Nolte et al. first demonstrated the generation of

optically active helical polymer and supramolecules by self-

assembling Pc molecules bearing chiral alkyl side groups.1b,8

Kimura et al. recently reported the self-organisation behavior

of optically active Pc dimers and MPcs (M = Zn and Co)

carrying branched alkyl chains with hydrogen-bonding OH

groups.4d Liu et al. successfully prepared optically active

Pc–polysiloxane from achiral Pc monomers as the starting

building block.7d We previously reported two soluble

nickel(II) Pcs carrying enantiopure (S)- and (R)-1-(p-tolyl)-

ethylaminocarbonyl groups at their peripheral positions,

PcNi-(S) and PcNi-(R), respectively, allowing to sponta-

neously generate optically active 1-D self-assembled hyperhelical

supramolecular structure by casting its dilute solution onto

solid mica surface under controlled manner.9 However, a

relationship between Pc building block, cavity metal, and

assembling nature with a preferential handedness remains

unclear.

Herein we report the optically active self-assembling feature

of copper(II) Pc molecules carrying four enantiopure (S)- and

(R)-1-(p-tolyl)ethylaminocarbonyl groups at their peripheral

positions, CuPc-(S) and CuPc-(R), as shown in Chart 1. For

comparison, CuPc-(RS) carrying a racemic mixture of four

p-tolylethylaminocarbonyl groups and CuPc-ttb carrying four

tert-butyl groups were studied. Although CuPc-(S) and

CuPc-(R) are analogous compounds of the corresponding

NiPc-(S) and NiPc-(R), the self-assembling behaviours of the

two CuPcs were much different though subtle differences exist

between Cu(II) and Ni(II).

Experimental section

Materials

All the solvents for circular dichroism (CD) and UV

measurements were spectroscopic grade and used as received

without further purification. 4(5),40(50),400(500),40 0 0(50 0 0)-Tetra-

carboxyphthalocyaninato copper(II) (Wako), SOCl2 (Wako),

triethylamine (Wako), and (S)-, (R)-, and (RS)-1-(p-tolyl)ethyl-

amines (TCI) ([a]20D = �35 to �39 (neat) for the (S)-isomer

and [a]20D = +351 to +39 (neat) for the (R)-isomer, according

to TCI catalogue) were used as received. Copper(II)

4(5),4 0(5 0),400(500),4 0 0 0(5 0 0 0)-tetrakis(1-(S)-(p-tolyl)ethylamino-

carbonyl)phthalocyanine, CuPc-(S), copper(II) 4(5),40(50),

400(500),40 0 0(50 0 0)-tetrakis(1-(p-tolyl)ethylaminocarbonyl)phthalo-

cyanine, CuPc-(RS), and 4(5),40(50), 400(500),40 0 0(50 0 0)-tetrakis-

(1-(R)-(p-tolyl)ethylaminocarbonyl)phthalocyanine, CuPc-(R),

were prepared according to our method reported previously.9

For comparison, as soluble Cu(II)Pc analogue without aralkyl

amide peripheral groups, copper(II) 4(5),40(50),400(500),40 0 0(50 0 0)-

tetra-tert-butylphthalocyanine prepared previously6f and

NiPc-(S) prepared previously were used.9

Measurements

CD and visible-near infrared absorption spectra were recorded

on a JASCO J-725 spectropolarimeter and JASCO V-570/V-550

spectrophotometers, respectively. IR spectra (32 time scans,

4 cm�1 in resolution) were obtained on a Horiba FT-730 FT-IR

spectrometer. MALDI-TOF MS spectra were obtained with a

Perseptive Biosystems Voyager DE-STR with dithranol

(Aldrich) as a matrix in linear mode. Atomic force microscope

(AFM) imaging was conducted on a Veeco Nanoscope IIIa

with a tapping mode using standard silicon probe.

Results and discussion

Synthesis

For a comparative study, two new homochiral copper

4(5),40(50),400(500),40 0 0(50 0 0)-tetrakis(1-(p-tolyl)ethylaminocarbonyl)-

phthalocyanines bearing four enantiopure (S)-aralkyl moieties,

CuPc-(S), four enantiopure (R)-aralkyl moieties, CuPc-(R),

and a racemic mixture of (S)- and (R)-aralkyl moieties,

CuPc-(RS), were prepared (ESIw, Scheme S1).9

IR and MALDI-TOF mass spectra were employed to prove

these compound structures. However, 1H-NMR spectrum was

not suited to characterising these compounds due to the

presence of paramagnetic Cu(II) ion of Pcs. MALDI-TOF

MS spectrum revealed that the molecular ion peaks of the

CuPc-(R), CuPc-(S) and CuPc-(RS) molecules all show 1221

[M+H]+ (ESIw, Fig. S1). Furthermore, the self-assemblies of

CuPc-(R), CuPc-(S) and CuPc-(RS) up to the pentameric state

were all clearly detected by this mass spectrometric technique,

which revealed a strong interaction between CuPc rings, even

in gas phase. These results were similar to those of NiPc.9 The

typical IR peaks (3265 cm�1 (nN�H), 2962, 2922 cm
�1 (nAr�C�H),

2854 cm�1 (nC�H), 1631 cm�1 (nCQO) and 1540 cm�1

(nC�N and dC�H)) due to amide groups of CuPc-(R), CuPc-(S)

and CuPc-(RS) were all clearly observed (Fig. S2w).

Self-assembly of CuPc-(S) and CuPc-(R) in dilute solution

Electronic absorption spectra provide useful information of

self-assembling structures, such as face-to-face, edge-to-edge,

and herringbone arrangements of p-conjugated molecules.4b

In particular, non-polar solvents play a crucial role in self-

assembling p-conjugated molecules into specific higher order

structures.10

Visible absorption and CD spectra of CuPc-(S) in chloro-

form (CHCl3) and tetrahydrofuran (THF) are displayed in

Fig. 1. Visible spectra of CuPc-(S) in THF (lmax = 606 nm)

and CHCl3 (lmax = 596 nm) showed a broad, highly

Chart 1 Chemical structures of CuPc-(S), CuPc-(R), CuPc-(RS) and
CuPc-ttb.
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blue-shifted Q-band. However, CuPc-(S) in DMF exhibits

lmax at 680 nm which is typical of a monomeric Pc species

(Fig. S3, ESIw), possibly, due to the loss of hydrogen

bonding.9

The aggregation behaviour in THF and CHCl3 is evident.

The blue-shifted Q-band absorption originates from the

exciton coupling interaction among the regularly aligned

transition dipole moments of so-called ‘‘H-aggregate’’, that

was already demonstrated by several studies of cofacially

arranged Pc self-assembly with the help of peripheral groups,

1-D Pc oligomers and 1-D Pc polymers.6d–f,9

The CD spectra of CuPc-(S) and CuPc-(R) in CHCl3 and

THF are given in Fig. 1(b). The CD spectrum of CuPc-(S) in

CHCl3 shows an intense positive-sign Cotton band at 562 nm.

However, CuPc-(S) in THF showed two CD signals at 562 nm

and 590 nm, which may be due to the different origin of the

Q-band transitions. A plausible explanation for this is

the coexistence of two types of CuPc supramolecules: the

562 nm-CD band is due to p�p stacks with a high assembling

number and the 590 nm-CD band is from p�p stacks with a

low assembling number, such as dimer, trimer, and tetramer,

and so on, solvated by THF molecules.

For comparison, visible absorption and CD spectra

of CuPc-ttb in CHCl3 at 25 1C at three concentrations

(0.5 � 10�4, 1.0 � 10�4, and 2.0 � 10�4 mol L�1) are shown

in Fig. 2. When the concentration increased from 0.5� 10�4 to

2.0 �10�4 mol L�1, intensity of the Q-band at 670 nm due to

monomeric species markedly decreased. Conversely, the

Q-band around 550–700 nm weakened and broadened, possibly,

due to the production of certain assembling species. Cotton

CD signal at the Q-band region from CuPc-ttb assemblies even

at the highest concentration (2.0 � 10�4 mol L�1) cannot be

detected. It was concluded that the CuPc-ttb assemblies are

not optically active species.

On the other hand, when CuPc-(S) molecule was dissolved

in DMF, any Cotton CD signals were not detected, possibly,

due to the loss of intermolecular hydrogen bonding (Fig. S3,

ESIw). Any Cotton CD signals from CuPc-(RS) in CHCl3
(Fig. S4w) were not detected though lmax appeared at 590 nm,

suggesting the production of p�p stacked assemblies. The CD

spectra of CuPc-(R) gave negative-sign Cotton signals due to

the blue-shifted Q-band at 550–600 nm in CHCl3 and THF

(Fig. 1(b) and Fig. S5, ESIw).
The chiroptical properties of CuPc-(S) and CuPc-(R) supra-

molecules in CHCl3, which is a measure of degree of helicity,

can be semi-quantitatively evaluated by the dimensionless

Kuhn’s dissymmetry ratio, defined as gabs = De/e, where De
is molar ellipticity and e is molar absorptivity. The values of

gabs at 562 nm, which is an extremum of Cotton CD Q-band,

were evaluated to be +8.53 � 10�3 for CuPc-(S) and

–8.62 � 10�3 for CuPc-(R), respectively. The almost identical

absolute gabs values of CuPc-(S) and CuPc-(R) indicate that

the helicity of CuPc-(S) and CuPc-(R) supramolecules is the

opposite. These led to the idea that the optically active

supramolecular CuPc structures are almost in a mirror image

relationship, in which helicity was induced by the peripheral

group homochirality.

The marked difference in visible spectral characteristics of

CuPc-(S) and NiPc-(S) in CHCl3 is evident (Fig. 3). The value

of lmax (596 nm) of CuPc-(S) in a poor solvent CHCl3 was

red-shifted by 35 nm when compared to that (561 nm) of

NiPc-(S), though they carry commonly four enantiopure

groups at their peripheral positions. Self-assembling ability

of CuPc-(S) is a little weaker than that of NiPc-(S).

Visible absorption spectra of CuPc-(S) and NiPc-(S)

dissolved in 1,1,2,2-tetrachloroethane (a poor solvent) at

several temperatures are displayed in Fig. 4. From Fig. 4(a),

Fig. 1 (a) Visible spectra of CuPc-(S) in CHCl3 and THF at 25 1C

and (b) CD spectra of CuPc-(S) and CuPc-(R) in CHCl3 and THF at

25 1C. All concentrations were 5.0 � 10�5 mol L�1.

Fig. 2 Visible and CD spectra of CuPc-ttb in CHCl3 at 25 1C with

three concentrations, (0.5–2.0) � 10�4 mol L�1. For measurement at

2.0 � 10�4 mol L�1, a cuvette with 1 mm path length was used.
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when solution temperature increased from �5 to 110 1C, the

intensities of the two Q-bands at 682 nm and 615 nm, which

are due to monomeric and weakly assembled species (dimer,

trimer and so on), respectively, markedly increased, while the

broad Q-band around 600 nm due to highly assembled species

progressively decreased.

On the other hand, from Fig. 4(b), NiPc-(S) self-assembly

possesses a high thermal stability even at 110 1C. Also, the

lmax value (555 nm) of NiPc-(S) is greatly blue-shifted by

41 nm, compared to that of CuPc-(S), suggesting the high

assembling number of NiPc-(S). As solution temperature

increased from �5 1C to 110 1C, the intensities of the

680 nm and 615 nm Q-bands slightly increased while the

intensity of the 600 nm Q-band showed a very weak temperature

dependency. These observations led to an idea that the self-

assembling ability of CuPc-(S) is more sensitive to temperature

than that of NiPc-(S), as is shown in Fig. 4. Subtle difference is

only that Cu(II) is paramagnetic and Ni(II) is diamagnetic, in

which both are weakly coordinated in chloroform and 1,1,2,2-

tetrachloroethane solvents.

Solvent dependency of the self-assembling ability of

CuPc-(S) is evident from FT-IR measurement (Fig. 5). When

solutions of CuPc-(S) dissolved in DMF and chloroform were

cast on CaF2 substrate, IR vibrations due to secondary amide

group in the nN�H and nCQO regions were much different. The

nN�H vibration from chloroform solution appeared at

3235 cm�1, red-shifted by 30 cm�1, compared to that from

DMF solution, 3265 cm�1 (Fig. 5a). Similarly, the nCQO

vibration cast from chloroform solution appeared at 1630 cm�1

which was red-shifted by 20 cm�1, compared to that from

DMF solution, 1650 cm�1 (Fig. 5b). These red-shifting

behavior of secondary amide groups are due to the loss of

intermolecular hydrogen bonding of 1-(p-tolyl)ethylamino-

carbonyl groups at their peripheral positions.

Solvent DMF molecules are assumed to weaken the inter-

molecular hydrogen bonding interactions of CuPc-(S) and,

possibly, of CuPc-(R) and CuPc-(RS) supramolecular assemblies.

The weakening of intermolecular hydrogen bonding inter-

action is responsible for the disappearance of CD of CuPc-(S)

and CuPc-(R) in DMF. The effective intermolecular hydrogen

bonding interaction is dominantly responsible for the appearance

of Cotton CD signals of CuPc-(S) and CuPc-(R) when they

were dissolved in poor solvents including CHCl3, THF and

1,1,2,2-tetrachloroethane.

Self-assembly of CuPc-(S) and CuPc-(R) in the solid state

Controlled transfer of helical self-assembly from dilute solu-

tion to the solid surface still remains a challenge while keeping

the integrity of preferential handedness. This is because the

weak noncovalent interactions involved in the helical supra-

molecules in the solution are difficult to be kept on the solid

Fig. 3 Visible spectra of CuPc-(S) and NiPc-(S) in CHCl3 (5.0� 10�5

mol L�1). NiPc-(S) prepared previously was used.9

Fig. 4 Temperature dependence of visible absorption spectra

of (a) CuPc-(S) and (b) NiPc-(S) in 1,1,2,2-tetrachloroethane

(1.0 � 10�5 mol L�1).

Fig. 5 IR spectra of CuPc-(S) film on CaF2 at 25 1C casting from its

CHCl3 and DMF solutions.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010 New J. Chem., 2010, 34, 2310–2318 | 2313
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surface due to strong interactions between the supramolecules

and the surface.11

From wide-angle X-ray diffraction (WAXD) measurement

(Fig. 6), CuPc-(S) showed two major diffraction peaks at

2y B4.091 and B26.841, corresponding to d-spacings of

B21.61 Å and B3.32 Å, respectively, whereas NiPc-(S)

powders showed two major diffraction peaks at 2y B3.901

and B27.021, corresponding to d-spacings of B22.65 Å and

B3.45 Å, respectively.9 The Pc ring separation in the CuPc

assembly may be B3.32 Å which corresponds to van der

Waals thickness of aromatic ring. This led to an idea that

CuPc-(S) adopts face-to-face p�p stacks, possibly, 1-D like

structure, which is similar to NiPc-(S) and NiPc-(R) stacking

structures reported previously.9

The CD and visible spectra in thin solid films of CuPc-(R),

CuPc-(S) and CuPc(RS) are given in Fig. 7. Compared to CD

spectra in CHCl3, solid-state CD spectra of CuPc-(R) and

CuPc-(S) became broad and the CD extremum red-shifted by

B50 nm, which may be due to intercolumnar interaction

between 1-D Pc stacks. In these thin films, all the lmax values

of the Q-band were found at 595 nm, which is similar to those

in CHCl3. Although the CD spectra of CuPc-(R) and CuPc-(S)

have a nearly mirror image relationship, any detectable CD

signals of CuPc-(RS) cannot be seen. This implies that

optically inactive PcCu-(RS) supramolecules in the solid state

may exist as a conglomerate with the opposite helical sense.

The reason may be that the CuPc-(S) and CuPc-(R) are able to

self-organise into 1-D architecture with left-handed and right-

handed helicity in solution, respectively.

Note that Cotton CD spectra of CuPc-(R) and CuPc-(S) in

their thin films are absolutely opposite compared with those of

CuPc-(R) and CuPc-(S) in CHCl3 solution. Ramaiah et al.

reported a similar phenomena for chiral supramolecular

assembly of squaraine dye.10a The reason for this remains

unclear.

AFM imaging of CuPc-(S), CuPc-(R), Cu-Pc(RS) and

CuPc-ttb assemblies on mica

High-resolution AFM imaging technique with the tapping

mode provides the morphology of molecular assemblies on

solid surface. AFM images of CuPc-(S) and CuPc-(R) assemblies

on mica surface are depicted in Fig. 8(A) and (B). For

comparison, AFM images of CuPc-(RS) and CuPc-ttb assemblies

on mica surface are displayed in Fig. 8(C) and (D), respectively.

The specimens of CuPc-(S), CuPc-(R) and CuPc-(RS) for

AFM study were prepared by casting their CHCl3 solution

(1 � 10�4 mol L�1) on freshly cleaved mica substrates,

respectively, by controlling the concentration. The specimen

of CuPc-ttb was prepared by casting its CHCl3 solution

(2 � 10�5 M) on mica substrate.

From Fig. 8(A)–(C), it is evident that CuPc-(S), CuPc-(R)

and CuPc-(RS) adopt highly entangled networks composed of

many fibers regardless of peripheral chirality. From the section

analysis, the height of these fibers of CuPc-(S) and CuPc-(R)

on the mica ranged from 1.4 to 2.0 nm (Fig. S8, ESIw), which
may correspond to the height of a single Pc molecule itself.

The shape of fibers, however, is not highly extended rod-like

Fig. 6 Wide-angle X-ray diffraction patterns of CuPc-(S) and

NiPc-(S) powders.

Fig. 7 CD spectra of CuPc-(S), CuPc-(R) and CuPc-(RS) films on

quartz and visible absorption spectrum of CuPc-(S), CuPc-(R) or

CuPc-(RS) film on quartz.

Fig. 8 AFM images on mica cast from dilute CHCl3 solutions of (A)

CuPc-(S) (1 � 10�4 mol L�1), (B) CuPc-(R) (1 � 10�4 mol L�1), (C)

CuPc-(RS) (1 � 10�4 mol L�1) and (D) CuPc-ttb (2 � 10�5 mol L�1).

2314 | New J. Chem., 2010, 34, 2310–2318 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010
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structures which were frequently seen in NiPc-(R) assemblies

on mica as reported previously (Fig. S9, ESIw).9 CuPc-(S),

CuPc-(R) and CuPc-(RS) favor worm-like structures on mica.

In an analogy with chain-like polymers, these CuPc supra-

molecular polymers have a shorter persistence length and the

NiPc supramolecular polymers have a longer persistence

length though the CuPcs and NiPc have the same chiral

peripheral groups. Contrarily, CuPc-ttb assemblies showed

dot-like structures due to a very weak p–p stacking ability of

tert-butyl groups only.

When specimens on mica cast from different concentrations

of CuPc-(R) were employed, the networks composed of many

worm-like structures turned to several isolated worm-like

structures including circle-like and semi-circle-like structures

(Fig. 9). As demonstrated previously, s-conjugated polysilane

with semi-flexible helical main chain12 and p-conjugated
polyfluorenes with semi-flexible main chain13 are possible to

form similar circle-like and semi-circle-like structures onto

mica surface by casting its dilute solution under controlled

conditions.

Compared to the Ni(II)Pcs, the origin of the structural

adaptability of Cu(II)Pcs remains unclear. There exists subtle

difference in ionic radii between tetra-coordinate, square-type

Cu(II) (0.057 nm) and Ni(II) (0.049 nm) ions.14 The major

difference between Cu(II) and Ni(II) is their paramagnetic and

diamagnetic properties, respectively. Paramagnetic Cu(II) ions

are assumed to be responsible for the structural adaptability of

the Cu(II)Pcs.

The AFM results combined with WAXD and CD/visible

spectroscopic studies led to an idea that CuPc-(S), CuPc-(R)

and CuPc-(RS) can form supramolecular polymers and circle-

like and semi-circle-like structures on mica, possibly, in fluid

solution and in the solid. The peripheral homochirality might

contribute to the preferential twist sense of assemblies which

give the optically active Q-band.

Magnetic properties of CuPc-(S) and CuPc-(R) assemblies

Cu(II) has paramagnetic ion due to d9 electron system.

CuPc-(S) assemblies may have a potential of paramagneticity

due to a large number of coupled paramagnetic centers. The

design and preparation of molecular and supramolecular

materials due to the intrinsic low symmetry in favor of 1-D

arrangements is recently been documented.15 Unsubstituted

Cu(II)Pc (1.75 BM) crystal did not undergo magnetic ordering

transition down to 1.8 K.16 Substituted CuPc with crownether

moiety in the presence of Na as counter ion has shown to

exhibit paramagnetic spin coupling due to dimerisation by

electron paramagnetic resonance measurement (EPR) study.17

Several workers reported magnetic behaviours of Pc compounds

containing metal ions.17 Recently, El Fallah and coworkers

reported preliminarily ferromagnetic behavior of amino-

pyridine Cu(II) complex with 2-D sheet structure below 50 K.19

As CuPc-(S) and CuPc-(R) assemblies are supramolecular

polymers composed of number of paramagnetic Cu(II) ions,

we anticipated the paramagnetic, ferromagnetic and anti-

ferromagnetic behavior of these supramolecules.

A preliminary measurement of magnetic properties of

CuPc-(S) film cast on mica and Si substrate using a vibrating

sample magnetometer (Riken Denshi, BHV-525RSCM) was

employed in attempting detection of magnetic ordering from

the CuPc samples at various temperatures (20 K, 50 K, 100 K,

150 K and room temperature). However, no conclusive

evidence of such magnetic ordering was yielded (Fig. S6,

ESIw). However, a preliminary EPR measurement (JEOL,

JES-FA100N) of CuPc-(S) (1 � 10�4 mol L�1) in chloroform

at room temperature exhibited magnetic coupling due to Cu(II)

(Fig. S7w), which is similar to supramolecular dimer of the

CuPc with crownethers.17

Magnetic force microscopy (MFM) technique allows to

study the local magnetic field gradient of terbium(III) Pc dimer

on diamagnetic HOPG surface.18 To test the possibility of

magnetic ordering of CuPc-(R) supramolecular fibers onto

mica, which was prepared by casting from 1 � 10�4 mol L�1

chloroform solution, MFM experiments were employed.

A preliminary MFM imaging was conducted by a Veeco

NanoScope IIIa with anMFMmode (model MESP: Sb-doped

Si cantilever coated with Co/Cr, lift scan height of 20 nm)

(Fig. S10, ESIw).
The specimen was shown to have worm-like images by

AFM observation prior to the MFM measurement. Several

worm-like images due to the PcCu-(R) origin on mica exhibited

less magnetic contrast because they appeared to be visualised

weakly at room temperature. The question opens whether the

origin of worm-like magnetic image comes from certain

inherent magnetic ordering or 1-D paramagnetism, which is

a highly fluctuating magnetic ordering induced by an external

Co/Cr-tip cantilever. There exists no conclusive evidence of an

intense magnetic ordering because PcCu-(R) supramolecular

polymers do not provide a proper magnetic contrast. Further

careful design and synthesis of four-fold molecular symmetry
Fig. 9 AFM images of CuPc-(R) on mica cast from CHCl3 solutions

of (a) 5 � 10�5 mol L�1 and (b) 1 � 10�5 mol L�1.
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MPc supramolecular polymer systems arranged to two- and

three-dimensional lattices may give an answer to this question.

Energy diagram of CuPc-(S) and CuPc-(R) assemblies

Unpolarised electronic and CD spectra of CuPc-(S) and

CuPc-(R) supramolecular assemblies in chloroform are

re-plotted as a function of photon energy in electron volt.

The original data were taken from Fig. 1 and Fig. 2 and Fig. S5

(ESIw). It is evident that CuPc-(S) and CuPc-(R) have two

extrema at 2.22 eV and 1.54 eV with opposite signs. Although

the values of |gabs| at 2.22 eV (562 nm) and at 1.54 eV (805 nm)

attain B8.6 � 10�3 and B3 � 10�2, respectively.

According to the point dipole exciton approximation

developed by Kasha et al.,20 the energy shift (DE) between

the exciton band for 1D infinite chain stack of dyes and its

monomer, when the end effects are neglected, is given as

follows:

DE ¼Ea � Em

¼2� N � 1

N

� �
M2

r3

� �
ðcos a� 3 cos2 bÞ

����
����

ð1Þ

where Ea and Em are the respective assemblies and monomer

transition energies, N the association number of the stack,

M the transition dipole strength, r the closest ring spacing

between the transition moments, a the torsion angle between

the moments, and b the tilt angle. From the selection rule, the

theory has predicted that when 01 o b o 54.71 the electrically

allowed transition of assemblies red-shifts, and when 54.71 o
bo 901, the electrically allowed transition will be blue-shifted.

Conversely, when 01 o b o 54.71 the electrically forbidden

transition of the assemblies will be blue-shifted and when

54.71 o b o 901, the electrically forbidden transition will be

red-shifted.

The value of M is given as:

M ¼ 3�he2f

8p2mecgnEm
erg cm3 ð2Þ

where h� is the Planck constant, e the electronic charge, me the

electron mass, c the velocity of light in vacuum, gn the

degeneracy of the excited state, and f the oscillator strength.

The value of f is calculated by

f ¼ 4:32� 10�9
Zn2
n1

edn erg cm3 ð3Þ

where e is the molar absorptivity in M�1 cm�1 and n1 and n2
are the initial and final frequencies of the monomer absorption

band in cm�1. Eqn (1) simply predicts that the maximum value

of DE may be further changed, if 1-D Pc stacks with a high

assembling number were able to adopt an ideal eclipsed form

with a = 01 and b = 901, assuming that the 1-D Pc

supramolecular polymers in solution and in the powder may

adopt a = 451 (full staggered form), a = 22.51 (partly

staggered form), or b a 901 (tilted form). The DE in the case

of a = 01 is possible to further increase by 1.4 times when

compared to the DE in the case of a = 451, leading to the

maximum DE of B2500 cm�1. To semi-empirically evaluate

the assembling number in the 1-D Pc stacks, eqn (1) reduces as

follows:

N ¼ DEðN !1Þ
DEðN !1Þ � DEðNÞ ð4Þ

where DE(N) is the exciton shift for the 1-D Pc stacks with

assembling number of N and DE(N-N) the exciton shift for

the infinite Q1D Pc stacks. Eqn (2) indicates that the exciton

shift DE value of the dimer is just half that of the 1-D infinite

chain. If the transition energies in both the dimer and monomer

or in both the infinite stacks and monomer are obtained

experimentally, the assembling number could be evaluated.

If CuPc-(S) and CuPc-(R) assemblies in CHCl3 solution are

assumed to adopt Q1D Pc stacks with a high association

number, the exciton shift DE from the allowed Q-band transitions

between the assemblies (2.22 eV or 562 nm) and monomeric

species (1.82 eV or 680 nm) of CuPc is estimated to B0.40 eV

(B3230 cm�1). In a similar way, the exciton shift DE from the

forbidden Q-band transition (1.54 eV or 805 nm) of the

assemblies and the allowed Q-band transition of monomeric

species is estimated to B0.28 eV (B2260 cm�1).

If the CuPc-(S) and CuPc-(R) adopt helical assemblies, the

allowed and forbidden exciton bands may exhibit two Cotton

CD signals. From the sum rule,21 two Cotton CD signals are

the opposite sign with an equal rotatory strength, as can be

seen as apparent bisignate Cotton CD bands in Fig. 10.

From the above consideration, an energy diagram of

CuPc-(S) supramolecular assembly with a preferential helical

sense is proposed in Fig. 11. The negative-sign, Cotton Q-band

at 1.54 eV may be an electrically forbidden, magnetically

allowed transition from the top of the highest occupied valence

band (HOVB) to the bottom of the lowest unoccupied

conduction band (LUCB), while the positive-sign, Cotton

Q-band at 2.22 eV is an electrically allowed, magnetically

allowed transition from the bottom of HOVB to the top

of LUCB.

From the viewpoint of supramolecular chemistry, p�p
stacking nature may be inherent of large macrocyclic Pc rings.

Slippery nature is, however, possible to fix with the help of

hydrogen-bonding interactions between secondary amide

groups. Twist sense is controlled by point chirality of the

homochiral peripheral groups. The present results of CuPc-(R)

Fig. 10 A broad range unpolarised electronic and CD spectra of

CuPc-(S) and CuPc-(R) supramolecular assemblies in CHCl3. The

original data were taken from Fig. 1 and Fig. 2 and Fig. S5 (ESIw).
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and CuPc-(S) are based on the design by learning the nature’s

elegant bottom-up programming, though a left–right preference

in biological chirality remains an unsolved issue. The origin of

difference between Cu(II) and Ni(II) in the Pc system is also

unclear.

Conclusion

Inspired by the nature’s bottom-up programming with

homochiral building blocks, the self-assembling features of

CuPc-(S), CuPc-(R) and CuPc-(RS) were studied by means of

visible, CD and IR spectroscopic study along with WAXD

and scanning probe microscope measurements. AFM study

revealed that the supramolecular polymers made of CuPc-(S),

CuPc-(R) and CuPc-(RS) are able to form worm-like fibers

onto mica surface. The quadruple hydrogen bonding between

the secondary amides of neighboring CuPc molecules, along

with Pcp–Pcp stacking and homochiral interactions, were

responsible for production of optically active CuPc assemblies

and supramolecular polymers.
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