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Typical amphiphilic metal-free tetrakis(4-hydroxyphenyl)porphyrin H2THPP (1) and tetrakis

(4-hydroxyphenyl)porphyrinato copper complex CuTHPP (2) were fabricated into organic

nanostructures by a phase-transfer method. Their self-assembly properties in aqueous solution have

been comparatively studied with those of tetra(phenyl)porphyrin H2TPP (3) by electronic absorption

and Fourier transform infrared (FT-IR) spectroscopy, transmission electronic microscopy (TEM),

scanning electronic microscopy (SEM), and X-ray diffraction (XRD) techniques. Experimental results

reveal different molecular packing models in these aggregates, which in turn result in self-assembled

nanostructures with different morphologies from nano-scale hollow spheres for 1, nanoribbons for 2, to

nanobelts for 3. The present study, representing part of our continuous efforts towards understanding

the relationship between synergistic interplay among noncovalent interactions such as the p–p

interaction, metal–ligand coordination bonding, and hydrogen bonding in controlling and tuning the

morphology of self-assembled nanostructures of tetrapyrrole derivatives, will provide information

helpful for preparing self-assembled nanostructures with controlled molecular packing conformations

and morphologies through molecular modification.
Introduction

Self-assembly of functional organic molecules into well-defined

organized structures has attracted considerable research interest

due to their versatile applications in nanoscience and nanotech-

nology in recent years.1,2 Self-assembly is a natural and sponta-

neous process occurring mainly though noncovalent interactions

such as p–p interaction, van der Waals, hydrogen bonding,

hydrophilic/hydrophobic, electrostatic, and metal–ligand coor-

dination bonding. On the basis of different noncovalent inter-

actions, a wide variety of nanostructures such as wires,3 belts,4

vesicles,5 and tubes6 have been fabricated from various func-

tional molecules. Among which, conjugated molecular systems

have been recognized as attractive building blocks for supra-

molecular self-assemblies towards construction of functional

nanodevices.
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Taking the natural system as a blueprint, tetrapyrrole deriva-

tives including both porphyrins and their non-naturally occur-

ring analogues phthalocyanines as the representatives of

functional molecular materials with large conjugated electronic

molecular structures have attracted great research interest in the

field of organic nanostructures. Over the last decade, great efforts

have been devoted to fabricating tetrapyrroles into various kinds

of nanostructures with different morphologies due to their

various potential applications. For example, hollow capsules

produced from amphiphilic porphyrin compounds showed the

potential for promising applications in drug delivery agents and

guest-entrapping material.7,8 Cooperation between cationic/

anionic porphyrins and optically active DNA with opposite

charge induces the formation of a chiral heteroassembly, which

appears to have ‘‘life’’ that is independent from the DNA

template but retains ‘‘memory’’ of the shape of the ‘‘mold’’ used

during its formation.9 Meanwhile metalloporphyrin assemblies

have been investigated as models of the light-harvesting antenna

complexes and porous materials.10–13 For example, an artificial

ring composed of Zn(II)-porphyrin with ca. 40 nm diameter,

which is in close analogy to that of the natural light-harvesting

complexes, was reported by Kobuke and Takahashi.14 A novel

metalloporphyrin network of [CoT(p-CO2)PPCo1.5] (designated

as PIZA-1 for porphyrinic Illinois zeolite analogue no.1) was

revealed to exhibit highly selective and reversible absorption

properties towards various organic molecules.15 The aggregation

behavior of phthalocyanines, especially crown ether substituted

phthalocyanines, has been extensively studied.16–21 For example,

the phthalocyanine possessing four crown ether moeieties and

eight chiral alkoxy side chains has been readily self-assembled

into long fibres.17 Nevertheless, very recently this group has
J. Mater. Chem., 2009, 19, 2417–2424 | 2417
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incorporated different numbers of acetylsulfanylpentyloxy and

hydroxyl groups, respectively, onto the meso-substituted phenyl

groups of the porphyrin ligand in 5,15-di[4-(5-acetylsulfa-

nylpentyloxy)phenyl]porphyrinato zinc and mixed (phthalocya-

ninato)(porphyrinato) europium triple-decker complexes to tune

the inter-molecular interactions.22,23 Cooperation and/or

competition between the intermolecular p–p interaction and

hydrogen bonding/metal–ligand coordination bonding for 5,15-

di[4-(5-acetylsulfanylpentyloxy)phenyl]porphyrinato zinc and

sandwich mixed (phthalocyaninato)(porphyrinato) europium

triple-decker compounds result in the formation of nano-

structures with different morphologies. It is worth pointing out

that despite the availability of a rich toolbox of noncovalent

interactions, it still remains a puzzle for chemists and material

scientists to understand the effect of the synergistic interplay of

different noncovalent interactions on controlling and tuning the

morphology of organic self-assembled nanostructures.

Due to the great potential applications in photosensitizers and

photodynamic therapy, typical amphiphilic porphyrin deriva-

tives have attracted research attention. For example, meso-tet-

rakis(4-hydroxyphenyl)porphyrin was incorporated into sub-150

nm biodegradable nanoparticles using the emulsification diffu-

sion technique in order to perform sterilization.24,25 Associated

with the square-planar molecular symmetry, the capacity to

coordinate with various metal centers, and the self-complemen-

tarity of p–p interaction in cooperation with hydrogen bonding

due to the terminal hydroxyl functional groups, the tetrakis(4-

hydroxyphenyl)porphyrin derivatives are expected to provide

a unique and versatile platform for the construction of supra-

molecular structures. When metal ions preferring a coordination

number of 5 or 6 are introduced into the central hole of the

metal-free porphyrin ligand, the newly formed complexes

should provide novel systems for preparing supramolecular

structures on the basis of metal–ligand coordination bonding in

addition to the p–p interaction and hydrogen bonding due to

the axial coordination between the hydroxyl group and the

central metal ion. In the present paper, we describe the self-

assembly properties of typical amphiphilic metal-free tetra-

kis(4-hydroxyphenyl)porphyrin H2THPP (1) and tetrakis(4-
Fig. 1 Schematic molecular structure of amphiphilic porphyrins 1 and 2.

2418 | J. Mater. Chem., 2009, 19, 2417–2424
hydroxyphenyl)porphyrinato copper complex CuTHPP (2),

Fig. 1. Comparative studies with the behavior of metal-free tet-

raphenylporphyrin H2TPP (3) reveal that introduction of four

hydroxyl groups onto the meso-attached phenyl groups of the

porphyrin ligand and in particular the hexa-coordinated copper

ion into the porphyrin central hole leads to the formation of

nanostructures with different morphologies, indicating the effect

of a synergistic interplay among noncovalent interactions such as

p–p interaction, hydrogen bonding, and metal–ligand coordi-

nation bonding in controlling and tuning the morphology of self-

assembled nanostructures of porphyrin compounds. The present

study represents part of our continuous efforts towards

understanding the synergistic interplay between noncovalent

interactions on controlling and tuning the morphology of self-

assembled nanostructures of tetrapyrrole derivatives and also

provides information helpful on preparing self-assembled

nanostructures with controlled molecular packing conformation

and morphology through molecular modification.

Results and discussion

Molecular design, synthesis, and characterization

In addition to the weak van der Waals force, the dominant

intermolecular interaction among metal free tetra(phenyl)po-

rhyrins H2TPP (3) with a large conjugated molecular structure is

p–p interaction. Incorporation of hydroxyl groups onto the

meso-attached phenyl groups of the porphyrin ligand therefore

induces additional hydrogen bonding interactions among the

molecules of metal-free tetrakis(4-hydroxyphenyl)porphyrin

H2THPP (1), which will in turn result in novel supramolecular

structures due to the cooperation and/or competition between

the intermolecular p–p interaction and hydrogen bonding.

When the copper ion, which prefers a coordination number of 6,

is introduced into the central hole of the tetrakis(4-hydroxy-

phenyl)porphyrin ligand, further additional intermolecular

metal–ligand coordination bonding interaction is induced for the

newly formed complex CuTHPP (2) due to the axial coordina-

tion between the hydroxyl group and the metal center.

Metal-free tetrakis(4-hydroxyphenyl)porphyrin H2THPP (1)

was prepared according to the published procedure.26,27 The

copper complex CuTHPP (2) was obtained in good yield from

the reaction between metal-free porphyrin H2THPP (1) and

Cu(AcO)2$H2O in refluxing DMF.28 For the purpose of

comparative studies, metal-free tetra(phenyl)porphyrin deriva-

tive H2TPP (3) was similarly synthesized. A satisfactory

elemental analysis result was obtained for the newly prepared

copper complex CuTHPP (2) after repeatedly column chro-

matographic purification and recrystallization. The MALDI-

TOF mass spectrum of this compound clearly showed an intense

signal for the protonated molecular ion (M + H)+. This

compound was also characterized by electronic absorption and

IR spectroscopy.

Electronic absorption spectra

Extensive studies have revealed that discrimination between the

H versus J porphyrin–porphyrin stacking modes can be easily

achieved by electronic absorption spectroscopic examination.29

Fig. 2A and B display the electronic absorption spectra of
This journal is ª The Royal Society of Chemistry 2009
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Fig. 2 Electronic absorption spectra of (A) 1 in CH3OH (5 � 10�7 mol

L�1, dashed line) and its self-assembled nano-scale hollow spheres formed

in water (1 � 10�6 mol L�1, solid line); (B) 2 in CH3OH (1 � 10�6 mol L�1,

dashed line) and its self-assembled nanoribbons formed in water (5 � 10�6

mol L�1, solid line); (C) 3 in CHCl3 (5 � 10�7 mol L�1, dashed line ) and its

self-assembled nanobelts formed in CH3OH (1 � 10�6 mol L�1, solid line).
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compounds 1 and 2 dissolved in methanol and their self-assem-

bled nanostructures formed in water, respectively. For the

purpose of comparative studies, the electronic absorption spectra

of metal free analogue H2TPP (3) in CHCl3 and dispersed in

methanol are also shown in Fig. 2C. In line with H2TPP (3) in

CHCl3,30 the metal-free porphyrin H2THPP (1) shows a typical

non-aggregate molecular electronic absorption spectrum with

the Soret band at 418 nm and Q absorption bands at 516, 554,

593, and 648 nm, respectively, in methanol.27 When dispersed in

water and methanol, respectively, molecules of both metal-free

porphyrins 1 and 3 undergo aggregation, resulting in distinct

change in their electronic absorption spectra, Fig. 2A and C. In

comparison with those in CHCl3, both the Soret and Q

absorption bands for the aggregates of 3 in methanol are blue-
This journal is ª The Royal Society of Chemistry 2009
shifted, Table S1 (ESI†), because of the p–p interaction between

the metal-free porphyrin molecules of H2TPP (3). In contrast,

incorporation of hydroxyl groups onto the meso-attached phenyl

groups of the porphyrin ligand induces different changes in the

electronic absorption spectrum of amphiphilic metal-free

porphyrin H2THPP (1) under aggregation. When dispersed in

water, all the absorption peaks for 1 are significantly broadened

with the Soret and Q absorption bands red-shifting to 438, 529,

576, 605, and 661 nm from 418, 514, 550, 595, and 647 nm in

methanol. These results imply intensified molecular interaction

between porphyrin molecules in the nanostructure of 1 due to the

cooperation of hydrogen bonding between adjacent porphyrin

molecules together with the intermolecular p–p stacking. This

was indeed verified by the IR spectroscopic and XRD results as

detailed below.

Upon complexation with the six-coordinate copper ion, the

increase in the molecular symmetry induces change in the elec-

tronic absorption spectrum from typical features for metal-free

tetrakis(4-hydroxyphenyl)porphyrin 1 to those for typical por-

phyrinato metal species 2. Fig. 2B shows the electronic absorp-

tion spectrum of typical non-aggregated metal porphyrin species

CuTHPP (2) in methanol with a strong sharp Soret band at 414

nm and two weak Q absorptions at 540 and 576 nm, respectively.

However, when dispersed in water, the peaks are significantly

broadened and a blue shift of the Soret band by 11 nm (with the

porphyrin Q bands remained unchanged or slightly blue-shifted,

respectively) indicates the effect of the central copper ion on the

molecular packing conformation in aggregates due to the intro-

duction of additional metal–ligand (Cu–O) coordination

between neighboring molecules.

On the basis of Kasha’s exciton theory,31 blue shifts in the

main absorption bands of the metal-free tetra(phenyl)porphyrin

3 upon aggregation are typically a sign of the effective p–p

interaction between metal-free porphyrin molecules, indicating

the formation of H aggregates from the compound in methanol.

This is in line with the result revealed by single crystal diffraction

analysis of the structure of this compound.32 In contrast, the red-

shift in the main absorption bands of compound 1 upon aggre-

gation in water reveals the J-aggregate nature in the nano-scale

hollow spheres formed from 1. Nevertheless, the blue-shifted

absorption band in the main electronic absorption spectrum of

porphyrinato copper complex CuTHPP (2) upon aggregation in

water implies the molecules of this compound are enforced to

adopt the H aggregation mode due to the additional Cu–O

metal–ligand coordination bonding interaction between the

hydroxyl group of one molecule and the copper center of

a neighboring porphyrinato copper molecule. These results

indicate the dominant role of p–p interaction between the

molecules of metal-free tetra(phenyl)porphyrin 3 but of

hydrogen bonding for metal-free tetrakis(4-hydroxy-

phenyl)porphyrin 1 and metal–ligand coordination bonding

interaction for tetrakis(4-hydroxyphenyl)porphyrinato copper

complex 2, with the cooperation of intermolecular p–p interac-

tion for 1 and intermolecular p–p interaction as well as hydrogen

bonding for 2, revealing the effect of a synergistic interplay

among noncovalent interactions including p–p interaction,

hydrogen bonding, and metal–ligand coordination on control-

ling and tuning the molecular packing conformation of the cor-

responding self-assembled aggregates. Additional support for
J. Mater. Chem., 2009, 19, 2417–2424 | 2419

http://dx.doi.org/10.1039/B820127G


Pu
bl

is
he

d 
on

 2
7 

Fe
br

ua
ry

 2
00

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
N

or
th

 C
ar

ol
in

a 
at

 C
ha

pe
l H

ill
 o

n 
16

/0
6/

20
13

 0
7:

50
:1

2.
 

View Article Online
this point comes from the IR spectroscopic, X-ray diffraction

(XRD), transmission electronic microscopy (TEM), and scan-

ning electron microscopy (SEM) results as detailed below.
Fig. 3 TEM and SEM images of self-assembled nanostructures of

compounds 1–3. nano-scale hollow spheres formed from 1 in water

observed by TEM (A) and SEM (B); nanoribbons formed from complex

2 observed by TEM (C) and SEM (D); nanobelts formed from 3 in

methanol observed by TEM (E) and SEM (F).
IR spectra

The IR spectra of the two meso-tetrakis(4-hydroxy-

phenyl)porphyrin derivatives 1 and 2 together with their self-

assembled nanostructures are shown in Fig. S1 and S2 (ESI†).

For the purpose of comparative study, those for metal-free tet-

ra(phenyl)porphyrin 3 were also recorded and are given in

Fig. S3 (ESI†). The similar feature in the IR spectra of the

nanostructures to that of the corresponding compounds for both

H2THPP (1) and CuTHPP (2) unambiguously confirms the

composition of nanostructures from the corresponding

porphyrin compounds. In the IR spectra of H2THPP (1) and

CuTHPP (2), two relatively broad absorptions at ca. 3280 and

3300 cm�1, which are absent from that for 3, are assigned to the

hydrogen bonding stretching vibration.33 This is also true for the

IR spectra of the aggregates formed from both 1 and 2 in water,

Fig. S1 and S2 (ESI†). Nevertheless, the absorption at 1229 cm�1

in the IR spectra of both 1 and 2 is clearly due to the C–O

vibration, Fig. S1 and S2 (ESI†).34 A similar band is observed at

1229 cm�1 in the IR spectrum of the aggregates formed from

metal-free porphyrin 1 in water, Fig. S1 (ESI†). However, in the

IR spectrum of the aggregates formed from porphyrinato copper

complex 2 in water, this absorption band is broadened and shifts

to lower frequency at 1219 cm�1, indicating the formation of Cu–

O metal–ligand coordination between the hydroxyl oxygen in the

meso-attached phenyl groups in the porphyrin molecule with the

copper center of a neighboring molecule in the nanostructure of

2.35 These results are in line with the X-ray diffraction (XRD)

result as detailed below, suggesting the significant effect of

hydrogen-bonding and metal–ligand coordination interactions

on the formation of molecular aggregates of 1 and 2.
Morphology of aggregates

The morphologies of aggregates formed were examined by

transmission electronic microscopy (TEM) and scanning elec-

tron microscopy (SEM). Samples were prepared by casting

a drop of sample solution onto a carbon-coated grid. In accor-

dance with spectroscopic analysis results, different morphologies

were observed for nanostructures fabricated from compounds

1–3, Fig. 3.

As shown in Fig. 3E and F, depending mainly on the inter-

molecular p–p interaction in cooperation with the van der Waals

interaction, molecules of metal-free tetra(phenyl)porphyrin 3

self-assemble in methanol into nanostructures with belt-like

morphology with lengths of several micrometers and ca. 300 nm

width. However, as shown in Fig. 3A, large nano-scale hollow

spheres with an average diameter of ca. 70 nm were formed in

water depending mainly on the intermolecular p–p interaction in

cooperation with hydrogen bonding interaction of metal-free

tetrakis(4-hydroxyphenyl)porphyrin 1. The high magnification

TEM image in the inset of Fig. 3A shows the thickness of these

hollow spheres is in the range of 20–30 nm. Further evidence to

confirm the hollow sphere nanostructures comes from the SEM

image shown in Fig. 3B. As can be seen, the products are well-
2420 | J. Mater. Chem., 2009, 19, 2417–2424
defined hollow structures. There is typically just one hole in the

surface of each nano-scale hollow sphere, which is favorable for

their applications in drug delivery, chemical storage, light filters,

chemical catalysis, and cosmetic foundations.36 In contrast, as

displayed in Fig. 3C and D, with the introduction of copper ion

with a preferred coordination number of 6 into the hole of the

porphyrin ring, the molecules of tetrakis(4-hydroxy-

phenyl)porphyrinato copper complex 2 self-assemble into

nanostructures with ribbonlike morphology due to the formation

of Cu–O metal–ligand coordination bonding between the

hydroxyl groups at meso-attached phenyl substituents of one

porphyrin molecule and the copper center of a neighboring

porphyrin molecule in the self-assembly process of this complex.

These one-dimensional nanoribbons as clearly shown in the inset

of Fig. 3D display uniform size with ca. 70 nm width and 10 mm

length which may have potential applications in photovoltaics

and field effect transistors.13 The distinct morphologies obtained

for the self-assembly of these molecules reflect the differences of

the porphyrin molecules in the J versus H aggregation mode and

reveal the totally different molecular packing conformations as

discussed below.
X-Ray diffraction patterns

The nanostructures of the two tetrakis(4-hydroxy-

phenyl)porphyrin derivatives 1 and 2 were fabricated by injecting

a small volume of 1 mM methanol solution into a large volume of
This journal is ª The Royal Society of Chemistry 2009
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Fig. 4 (A) XRD profile and (B) schematic representation of the unit cell

in the aggregates of compound 3.

Fig. 5 (A) XRD profile of the aggregates of compound 1; (B) molecular

size of 1 optimized at the B3LYP/6-31G(d) level; (C) schematic repre-

sentation of 1; (D) schematic representation of a dimer 1; and (E) sche-

matic illustration of a hollow sphere formed in methanol with a close-up

of the membrane showing the proposed structure.
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water, while those of metal-free tetra(phenyl)porphyrin 3 were

prepared by injecting its chloroform solution into methanol. The

internal structures of self-assembled nanostructures of these

porphyrin compounds were further investigated by X-ray

diffraction (XRD) analysis, Fig. 4–6.

As shown in Fig. 4A, in the low angle range, the XRD diagram

of the nanobelts formed from metal-free tetra(phenyl)porphyrin

3 shows a strong refraction peak at 2q ¼ 7.23� (corresponding to

1.22 nm) and a weaker refraction at 1.02 nm, which are ascribed

to the refractions from the (001) and (010) planes, respectively.

The (001) plane gives its higher order refractions at 0.61 (002),

0.41 (003) and 0.30 (004) nm, respectively, in the wide angle range

of the XRD pattern. In addition, the wide angle range of the

XRD pattern displays another sharp refraction at 0.84 nm,

originating from the (100) plane, with its higher order refraction

at 0.42 (200) nm. These diffraction results could be assigned to

the refractions from a parallelepipedal lattice with the cell

parameters of a¼ 1.22 nm, b¼ 1.02 nm, c¼ 0.84 nm, Fig. 4B. As

can be seen from Fig. 4B, the dimensional size for a metal-free

porphyrin H2TPP molecule is 1.08 nm (length and width) � 0.21

nm (height) according to the single crystal X-ray diffraction

analysis result.37 On the basis of the XRD result and the single

crystal X-ray diffraction molecular structure, the unit cell con-

sisting of two molecules is given for metal-free H2TPP (3),

Fig. 4B. It is worth noting that in the wide angle region, the

nanobelt XRD pattern of H2TPP (3) presents another sharp

refraction at 0.32 nm, which is attributed to the stacking distance

between tetrapyrrole cores of neighboring porphyrin molecules

along the direction perpendicular to the tetrapyrrole rings.38–40

Actually, the stacking distance between neighboring porphyrin

ligands in single crystals of H2TPP (3) is 0.35 nm according to

single crystal X-ray diffraction analysis.37

As shown in Fig. 5A, in the low angle range, the XRD diagram

of the nano-scale hollow spheres formed from tetrakis(4-

hydroxyphenyl)porphyrin 1 shows a well-defined refraction peak
This journal is ª The Royal Society of Chemistry 2009
at 2q¼ 5.52� (corresponding to 1.60 nm), which is ascribed to the

refraction from the (001) plane. This (001) plane gives its higher

order refractions at 0.80 (002), 0.53 (003), and 0.40 (004) nm,

respectively, in the wide angle region of the XRD pattern. On the

basis of the geometry optimization and energy minimized

molecular structure of H2THPP (1) using the Gaussian 98

program at the B3LYP/6-31G(d) level,41 the length of the

molecule is ca. 1.29 nm, Fig. 5B. Considering the average

hydrogen bonding distance between neighboring porphyrin

rings, 0.25–0.34 nm, obtained according to the single crystal

X-ray diffraction analysis,42 the sharp peak observed at 1.60 nm

in the XRD diagram of nano-scale hollow spheres formed from 1

in water can therefore be assigned to the length from the

hydroxyl group of one porphyrin to the hydroxyl group of the

neighboring one as shown in Fig. 5B. These results therefore

indicate the formation of the ordered J-type aggregates,

revealing the head-to-tail molecular arrangement in the

membrane of the nano-scale hollow spheres of 1 due to the

dominant hydrogen bonding interaction between the neigh-

boring molecules. It is worth noting that the sharp diffraction

peak observed at 0.31 nm for the nano-scale hollow spheres of 1

corresponds to the stacking distance between neighboring

tetrapyrrole rings along the direction perpendicular to the

porphyrin rings, in line with previous results.38–40 According to

these experimental results, the formation mechanism of the

nano-scale hollow spheres of 1 was proposed as displayed in

Fig. 5C, D, and E. It is well known that in selective solvents,

amphiphilic molecules like liposomes form micellar or vesicular

supramolecular structures that would normally belong to the

superstrong segregation limit mainly owing to the different

solubilities of the hydrophilic and hydrophobic units.43 As indi-

cated by the IR spectroscopic result of the self-assembled nano-

scale hollow spheres obtained from this metal-free porphyrin,

during the molecular self-assembly process of H2THPP (1)
J. Mater. Chem., 2009, 19, 2417–2424 | 2421
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a dimeric supramolecular structure is formed first through an

intermolecular hydrogen bond between two hydroxyl groups of

porphyrinato molecules. This formed dimer is amphiphilic in

nature because of the hydrophilic hydroxyl groups and hydro-

phobic residual section, which then as the building block further

self-assembles into the target hollow spheres depending mainly

on the p–p interaction between tetrapyrrole rings.

In line with the electronic microscopic result, a comparatively

different XRD diagram was obtained for compound 2, Fig. 6A.

From the diagram, it can be seen that in the low angle range, the

XRD diagram of the nanoribbons shows two relatively broad

refraction peaks at 1.52 and 1.06 nm, respectively, originating

from the (001) and (010) planes. In addition, the wide angle range

of XRD pattern displays another sharp refraction at 0.33 nm and

one wide refraction at 0.25 nm, which are considered to be the p–

p stacking distance between porphyrin molecules and the metal–

ligand coordination bond length between the hydroxyl group of

one molecule and the copper center of a neighboring porphyr-

inato copper molecule.31,44 According to the single crystal X-ray

diffraction analysis,45 Fig. 6B, the length of the molecule is about

1.54 nm, which is longer than that obtained from XRD. It

therefore suggests that the planar structure of the porphyrin

ligand gets distorted when the axial metal coordination formed

between the hydroxyl group of meso-attached substituents of one

porphyrin molecule and the copper metal center of a neighboring

porphyrin molecule.46 Furthermore, the diffraction peak at 1.06

nm corresponds to the distance from the C atom at the most

peripheral position of the phenyl group to the same C atom

position at the neighboring phenyl group. Taking the experi-

mental results into account, the self-assembly mechanism was

postulated for the formation of nanoribbons from 2 in water,

Fig. 6C. Due to the competition and cooperation between

hydrogen bonding and metal coordination interaction, a dimeric

supramolecular structure, in which the Cu–O coordination bond

between the hydroxyl oxygen in the meso-attached phenyl

groups in the porphyrinato copper molecule with the copper
Fig. 6 (A) XRD profiles of the aggregates of compound 2; (B) molecular

size of 2 obtained from the single crystal X-ray diffraction analysis; and

(C) schematic illustration of the aggregation mode of 2.
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center of a neighboring molecule of 2, was first formed. This is

further unambiguously demonstrated by the X-ray photoelec-

tron spectroscopic result as detailed below. Subsequently this

bifunctional dimer analogue could polymerize through the same

monomer–monomer interaction to pack in a one-dimensional

direction. As a consequence, a ribbonlike morphology was

obtained from this complex during the self-assembly process of 2.

This result is in good accordance with that for porphyrinato zinc

complexes as revealed by singe crystal X-ray diffraction anal-

ysis.23,47

To further confirm the intermolecular coordination bond

existed between the hydroxyl oxygen in the meso-attached

phenyl groups in the porphyrinato copper molecule with the

copper center of a neighboring molecule in the aggregates of

porphyrinato copper complex 2, X-ray photoelectron spectro-

scopy (XPS) was employed to identify the copper ion circum-

stance. The samples for recording XPS spectra were obtained by

depositing a solution of compound 2 in methanol and the

aggregates fabricated from 2 in methanol and water on the

silicon surface and the spectra are shown in Fig. S4 (ESI†). As

expected, both the monomeric compound 2 and its aggregates

show typical signals for Cu2+ in their XPS spectra.48 However, as

clearly shown in Fig. S4 (ESI†), all the Cu2+ XPS intensity for the

aggregates of 2 is significantly shifted in the lower bonding

energy direction in comparison with those of the monomeric

compound 2, indicating the change of Cu2+ circumstance after

the self-assembly process and confirming the rationality of the

self-assembly mechanism discussed above.
Conclusion

In summary, the self-assembly properties of typical amphiphilic

metal-free meso-tetrakis(4-hydroxyphenyl)porphyrin H2THPP

(1) and meso-tetrakis(4-hydroxyphenyl)porphyrinato copper

complex CuTHPP (2) have been studied and compared with

those of tetra(phenyl)porphyrin H2TPP (3). Comparative inves-

tigation results reveal that besides the p–p interaction, compe-

tition and/or cooperation between the inter-molecular hydrogen

bonding and metal–ligand coordination bonding lead to

different molecular packing conformations and in turn different

nanostructure morphologies in the self-assembly process. Inter-

molecular p–p interaction of metal-free porphyrin 3 leads to the

formation of nanobelts. Hydrogen bonding together with p–p

interaction dominates the formation of nano-scale hollow

spheres for metal-free porphyrin compound 1, while the addi-

tional dominant Cu–O coordination bond between the hydroxyl

oxygen in meso-attached phenyl groups in the porphyrinato

copper molecule with the copper center of a neighboring mole-

cule of 2 leads to the formation of nanoribbons for this complex.

The result presented here represents part of our continuous

efforts towards understanding the relationship between syner-

gistic interplay of noncovalent interactions including p–p

interaction, metal–ligand coordination bonding, and hydrogen

bonding in controlling and tuning the morphology of self-

assembled nanostructures of porphyrin derivatives through

molecular modification. They are believed to be helpful in

opening new possibilities for the construction of molecular-based

nanoelectronics and nanooptoelectronics.
This journal is ª The Royal Society of Chemistry 2009
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Experimental

Measurements

MALDI-TOF mass spectra were carried out on a Bruker

APEX47e ultra-high resolution. Elemental analyses were per-

formed by the Institute of Chemistry, Chinese Academy of

Sciences. Electronic absorption spectra were recorded on Hitachi

U-4100 spectrophotometer. Fourier transform ion cyclotron

resonance (FT-IR) mass spectrometer with a-cyano-4-hydroxy-

cinnamic acid as matrix. Copper elemental analysis was per-

formed by X-ray photoelectron spectroscopy (XPS) on PHI 5300

ESCA System (Perkin-Elmer, USA). The excitation source is Al

Ka radiation. Low-angle X-ray diffraction (XRD) measure-

ments were carried out on a Rigaku D/max-cB X-ray diffrac-

tometer. TEM images were taken on a JEOL JEM-100CX II

electron microscope operated at 100kv. SEM images were

obtained using a JEOL JSM-6700F field-emission scanning

electron microscopy. For SEM imaging, Au (1–2 nm) was

sputtered onto the grids to prevent charging effects and to

improve image clarity.
Materials

DMF was distilled from anhydrous MgSO4 under reduced

pressure prior to use. And the water used in the experiment is the

ultrapure water. Column chromatography was carried out on

silica gel (Merck, Kieselgel 60, 200–300 mesh) with the indicated

eluent. All other reagents and solvents were of reagent grade and

used as received. The compounds H2TPP, H2THPP, and

CuTHPP were prepared according to literature methods.26,28
Preparation of nanoaggregates

The nanoaggregates of the porphyrin derivatives 1–3 were

fabricated by the phase transfer method according to the

following procedure.4,8,22,23 A minimum volume (30–50 mL) of

concentrated methanol solution of compounds 1, 2 (1 mM)

(chloroform solution for 3) was injected rapidly into 1 mL water

(methanol for 3). This clear solution was used to record the

electronic absorption spectra for the aggregates. It is worth

noting that the electronic absorption spectra of the complexes in

water do not change significantly along with the increase of the

quiescent time of the solution till 8 h at room temperature (25
�C). After being kept at room temperature for 24 h, suspensions

were observed in the solution. These precipitates were transferred

to the carbon-coated grid by pipetting for the TEM and SEM

observations. These procedures and results were reproducible

under the experimental conditions described above.
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