
Registered Charity Number 207890

Accepted Manuscript

This is an Accepted Manuscript, which has been through the RSC Publishing peer 
review process and has been accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, which is prior 
to technical editing, formatting and proof reading. This free service from RSC 
Publishing allows authors to make their results available to the community, in 
citable form, before publication of the edited article. This Accepted Manuscript will 
be replaced by the edited and formatted Advance Article as soon as this is available.

To cite this manuscript please use its permanent Digital Object Identifier (DOI®), 
which is identical for all formats of publication.

More information about Accepted Manuscripts can be found in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the text and/or 
graphics contained in the manuscript submitted by the author(s) which may alter 
content, and that the standard Terms & Conditions and the ethical guidelines 
that apply to the journal are still applicable. In no event shall the RSC be held 
responsible for any errors or omissions in these Accepted Manuscript manuscripts or 
any consequences arising from the use of any information contained in them.

ChemComm

www.rsc.org/chemcomm

ISSN 1359-7345

Chemical Communications

www.rsc.org/chemcomm Volume 46 | Number 32 | 28 August 2010 | Pages 5813–5976

1359-7345(2010)46:32;1-H

Volum
e 46 | N

um
ber 32 | 2010 

C
hem

C
om

m
     

 
Pages 5813–5976

COMMUNICATION
J. Fraser Stoddart et al.
Directed self-assembly of a 
ring-in-ring complex

FEATURE  ARTICLE
Wenbin Lin et al.
Hybrid nanomaterials for biomedical 
applications

www.rsc.org/journals
Registered Charity Number 207890

Free institutional access, managed by IP address, is available on all these titles. 
For more details, and to register, visit www.rsc.org/free_access_registration

New for 2010

Chemical Science - a new journal presenting findings of exceptional significance from across the chemical 
sciences. www.rsc.org/chemicalscience

MedChemComm - focusing on medicinal chemistry research, including new studies related to 
biologically-active chemical or biochemical entities that can act as pharmacological agents with therapeutic 
potential or relevance. www.rsc.org/medchemcomm

Polymer Chemistry - publishing advances in polymer chemistry covering all aspects of synthetic and 
biological macromolecules, and related emerging areas. www.rsc.org/polymers

New for 2009 

Analytical Methods - highlights new and improved methods for the practical application of analytical 
science. This monthly journal will communicate research in the advancement of analytical techniques for use 
by the wider scientific community. www.rsc.org/methods

Integrative Biology - focusing on quantitative multi-scale biology using enabling technologies and tools to 
exploit the convergence of biology with physics, chemistry, engineering, imaging and informatics. 
www.rsc.org/ibiology

Metallomics - covering the research fields related to metals in biological, environmental and clinical systems. 
www.rsc.org/metallomics

Nanoscale - publishing experimental and theoretical work across the breadth of nanoscience and 
nanotechnology. www.rsc.org/nanoscale

Top science …free institutional access

ISSN 2041-6520

www.rsc.org/chemicalscience Volume 1  |  Number 1  |  2010

Chemical Science

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

at
 C

hi
ca

go
 o

n 
24

 M
ay

 2
01

2
Pu

bl
is

he
d 

on
 2

4 
M

ay
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2C

C
33

43
8K

View Online / Journal Homepage

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/c2cc33438k
http://pubs.rsc.org/en/journals/journal/CC


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

ARTICLE TYPE 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

In-situ reversible conversion of porphyrin aggregate morphologies 
Ming-Cheng Kuoa, Hsiao-Fan Chena, Jing-Jong Shyueb, Dario M. Bassanic, Ken-Tsung Wonga* 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 
DOI: 10.1039/b000000x 

A porphyrin derivative possessing orthogonal self-assembly 5 

units displays in-situ reversible transformation of aggregate 
morphology between nano-rods and hollow spheres upon 
exposure to different solvents. 

 The design of well-defined self-assembled nanostructures 
based on specific supramolecular interactions between 10 

electroactive molecules is of interest for diverse applications such 
as field-effect transistors,1 photovoltaics,2 and sensors,3 where the 
morphology of the active material plays a key role in determining 
the electrical properties of the final device. Organic materials 
with tailored functional groups capable of inducing the formation 15 

of nanostructures prior to or during deposition represent a route to 
supramolecular devices via a “bottom-up” approach, in which an 
ordered structural arrangement with nanometer precision over a 
large scale is constructed.4 However, precise control of long-
range order using non-covalent molecular interactions is still a 20 

challenge. Numerous factors, such as the nature and linking 
topology of the self-assembly motifs and the chemical structure 
of the functional core, as well as exterior factors such as solvent 
composition, aging time and deposition conditions, combine to 
form a complex ensemble from which the formation of specific 25 

nanostructures emerges. In some cases, it is possible to control 
the aggregation through an exterior stimulus. For example, a 
vesicle to nanofiber transformation could be reversibly induced 
by sonication and heating.5 More generally, the addition of co-
reagents,6 pH modulation,7 photochemical reaction,8 or variation 30 

of solvent composition are used to induce transformation of 
aggregate structures.9 Sometimes, reversible switching between 
dissolved and aggregated states can be promoted through solvent 
vapour annealing.10 Despite the fact that the real-time 
interconversion between selected nanostructures is highly desired 35 

for potential application of soft materials,11 the in-situ 
transformation of an aggregate’s nano-morphology directly on a 
substrate is rare.12 
 Porphyrin derivatives decorated with self-assembly motifs 
have been widely used as molecular scaffolds for the construction 40 

of well-defined organic nanostructures such as fibres, sheets, rods, 
tubes, and cubes.13 Herein, we report a porphyrin-based system 
that exhibits reversible solvent-induced transition between rod-
like aggregates and hollow spherical structures directly on a 
substrate upon exposure to different solvents.  The structure and 45 

synthesis of porphyrin derivatives 1 – 3 are shown in Scheme 1. 
Tetraphenylporphyrins 2 and 3 bearing bis-urea (biuret) 
substituents were obtained via NBS bromination of 
diphenylporphyrins 1a and 1b followed by Suzuki coupling with 

biuret boronic ester 4 in 45 and 41% yield, respectively (two 50 

steps).14 Compared to 1b possessing hydrophobic octyl side 
chains which promote self-assembly via van der Waals 
interactions, the biuret motifs are expected to induce self-
assembly through hydrogen-bonding (H-B) interactions in aprotic 
media. In the case of 3, possessing both octyl chains and biuret 55 

units, we may expect strong solvent-dependence of the self-
assembly process. 
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Scheme 1 Synthesis of porphyrin derivatives 2, and 3. 

 The aggregation behavior of 1b, 2, and 3 was studied by 60 

scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM). SEM samples were prepared by evaporating 
a solution of molecules 1b, 2, or 3 (10 µL, 0.1 mM) onto a 
SiO2/Si substrate (1 × 1 cm2). Environmental SEM images (taken 
under 0.45 Torr H2O or THF vapour, see SI) of the aggregates 65 

formed by 1b and 2 are shown in Figure 1. For 1b, deposition 
from THF solution leads to the formation of nanorods with ca. 
50-nm width and ca. 700-nm length (Figure 1a),9 whereas 
deposition from THF/MeOH (1:1) solution leads to the formation 
of a non-uniform sheet topology (Figure 1b). In contrast, the 70 

deposition of 2 from THF/MeOH solution (10:1, v/v) leads to the 
formation of spherical nanoparticles with a uniform diameter of 
ca. 200-nm (Figure 1c). The particles are hollow, as shown by 
TEM images (Figure 1c, inset, also Fig. S1 in ESI). The 
formation of self-assembled hollow spheres of 2 upon 75 

evaporation of the solvent is analogous to previously reported 
bis-biuret derivatives with a rigid conjugated core and is directly 
attributed to the presence of H-B interactions. 14, 15 In contrast to 
1b, increasing the proportion of methanol (e.g. THF/MeOH = 
1:100 v/v) did not lead to changes in the aggregates' morphology, 80 

but had the effect of dispersing the aggregates which retained 
their hollow sphere morphology (Figure 1d). The increased 
dispersion is not related to the Marangoni effect16 as there is only 
a slight difference in surface tension between THF and methanol 
(26.4 vs. 22.7 mN.m-1, respectively).  85 

 Some understanding of how the intermolecular forces control 
aggregation can be gleaned from the solid-state structures of 1b 
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Fig. 1 SEM of 1b (0.1 mM) prepared in (a) THF and (b) THF/MeOH (1:1, 
v/v) and 2 (0.1 mM) prepared in (c) THF/MeOH (10:1, v/v) and (d) 
THF/MeOH (1:100, v/v) at room temperature. The inset of (c): TEM of 2 
prepared in THF/MeOH (10:1, v/v), showing hollow sphere structures. (e) 5 

Schematic representation of the proposed self-assembly of hollow 
spherical aggregates of 2. 

and 4. Examination of the crystal structure of 1b (Fig. S2) reveals 
that the porphirin cores in 1b are not co-planar and that they are 
separated by a distance of 6.54 Å, whereas the octyl chains are in 10 

the all-trans configuration and interdigitated. This indicates that 
van der Waals interactions between octyl chains control 
intermolecular self-assembly in the crystal rather than co-facial 
π−π stacking as is often observed for planar π-cores with 
peripheral long chains.17 Based on the crystal packing of 4 (Fig. 15 

S3), the biuret unit induces the formation of H-B ribbons.  In the 
case of 2 which possess two biuret units at 180°, such ribbons 
would be interconnected and lead to the formation of sheets 
whose folding would result in hollow aggregates being formed 
(Figure 1e). 20 

 The deposition of compound 3 from solution of (THF/MeOH 
= 2:5 v/v) also led to the formation of rod-like aggregates (Figure 
3a) similar to those obtained from 1b.  However, the addition of 
methanol did not result in a transformation of the aggregates as 
had been observed for 1b in THF/MeOH = 1:1 (v/v) and distinct 25 

rod-like aggregates were still observed for 3 even at high 
methanol concentrations. Moreover, the average length of the 
rod-like aggregates (ca. 15 µm) was significantly longer than 
those of 1b derived from THF. Treatment of the rod-like 
aggregates deposited onto the substrate with THF (10 µL)18 led to 30 

their transformation into homogeneous spherical aggregates with 
an average diameter of ca. 200 nm (Figure 3b). The self-assembly 
behavior observed for 3 after THF treatment is the same as that of 
compound 2 deposited from THF solution, suggesting a similar 
process for the formation of the spherical aggregates in both cases. 35 

We thus conclude that the spherical aggregates derived from 3 
present the octyl chains organized at the suprafacial and 
antarafacial positions of the 2D surface. The location of the octyl 

chains on the spherical surface would also account for the more 
dispersed nature of the aggregates in THF and suggests that they 40 

should be destabilized by the presence of a polar solvent. To 
verify this, the substrates containing the spherical aggregates 
were treated with (THF/MeOH = 2:5 v/v, 10 μL) to weaken the 
H-B interactions and enhance van der Waals forces between the 
octyl chains. In line with our expectations, rod-like aggregates 45 

once again re-emerged (Figure 3c). The process can be repeated 
(Figure 3d), successfully demonstrating the in-situ reversible 
conversion between self-assembled structures of different 
morphology. 
 

 

(a) (b) (c) (d) 

5 μm 5 μm 0.5 μm 0.5 μm 

 50 

Fig. 3 Evolutionary SEM images (0.45 Torr H2O or THF vapour, see SI) 
for morphology transition of 3 at room temperature. (a) As cast film from 
THF/MeOH (2:5, v/v). (b) The same substrate after treating with THF (10 
µL). (c) After THF/MeOH (2:5, v/, 10 µL) treatment from (b). (d) After 
THF (10 µL) treatment from (c). All solvent treatments were directly 55 

done on the same substrate.  

 The electronic absorption spectra of 3 in THF and THF/MeOH 
(v/v = 2/5) and their corresponding aggregates (state I: sphere, II: 
rod) cast from solution (0.1 mM) are shown in Figure 4.  
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Fig. 4 Absorption spectra of 3 in THF (10-6 M, solid line) and 
THF/MeOH (v/v = 2/5) solution (4 ×  10-6 M, dashed line) and their 
respective aggregates (states I and II) cast from their corresponding 
solutions (10-4 M). 

 In solution, 3 possesses sharp absorption bands that are 65 

independent of solvent composition, suggesting isolated molecule 
behavior. Compared to solution, both the Soret and Q bands of 
the porphyrin cores are red-shifted and significantly broadened 
when deposited onto a quartz substrate. These spectral changes 
are commonly observed in porphyrin aggregates and assigned to 70 

the formation of J-type aggregates with a slipped-stacked 
geometry.19 The Soret band of 3 in the aggregates is split into two 
peaks centred at 415 and 441 nm for state I and 415 and 459 nm 
for state II, respectively. The two peaks have been previously 
assigned to the optical transitions from the transition dipole 75 

moments oriented parallel (longer wavelength) and perpendicular 
(shorter wavelength) to the aggregation direction.20 The parallel 
transition dipole is sensitive to the distance between the 
porphyrin cores,21 suggesting that the inter-porphyrin distance is 
increased in the aggregates formed in state II with respect to 80 

those in state I. 
 To better understand the evolution of the aggregates of 3 upon 
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solvent treatment, the process was followed using TEM. The 
transition from rod-like to spherical aggregates upon exposure to 
THF is shown in Figure 5. By treatment of the spherical 
aggregates (Figure 5b) twice with methanol (5 µL), most 
transform back to rod-like aggregates (Figure 5c, d). Within the 5 

same substrate, a small portion of architectures that may 
correspond to the transition from the spherical to the rod-like 
morphology are also observed. Their morphology suggests that 
the transition occurs by fusion of the spherical aggregates into 
needles (Figure 5e), which then grow in length. In addition, larger 10 

and more complex assemblies involving hierarchical aggregation 
of the rods onto thin sheets (Figures 5f~h) were also observed. 
This phenomenon resembles the merging behavior exhibited by 
1b aggregates in the presence of methanol. More importantly, the 
interconversion between vesicle and rod-like aggregates is 15 

reversible by switching between THF and methanol. 

 
Fig. 5 Evolutionary TEM images for the transition of 3 at room 
temperature. (a) As cast film from THF/MeOH (2:5, v/v). (b) After THF 
(2 × 5 µL) treatment from as cast film. (c)-(h) show evolutionary 20 

progression of morphological transition from hollow spheres to sheet 
aggregates after MeOH (2 × 5 µL) treatment from (b). All solvent 
treatments were directly done on the same substrate. 

 In summary, we have developed a porphyrin derivative 
incorporating amphipathic groups whose self-assembly can be 25 

reversibly controlled through exposure to different solvents. Polar 
protic environments disrupt H-B interactions between the biuret 
groups and favor the hydrophobic interactions between the octyl 
chains (van der Waals forces), leading to the formation of rod-
like aggregates. The reverse occurs in less polar aprotic media, 30 

which favor H-B over hydrophobic interactions and induce the 
formation of spherical aggregates. These results are in agreement 
with model systems that show that the rod-like and spherical 
aggregates arise from hydrophobic and H-B interactions, 
respectively. The switching between aggregate morphologies in 3 35 

is thus understood on the basis of solvent favoritism for specific 
functional groups. Of particular interest is the fact that the 
process is entirely reversible and that it can be conducted directly 
onto the substrate analogously to solvent annealing procedures. 
Given the large difference in morphology between the spherical 40 

and rod-like aggregates, we believe the transition occurs via 
(partial) dissolution of the material in the liquid phase. 
 The authors gratefully acknowledge the financial support from 
National Science Council of Taiwan (NSC-99-2923-M-002-002-
MY3) and the Agence Nationale de la Recherche (ANR-09-45 

BLAN-0387) and technical assistant of Technology Commons, 
College of Life Science and Precision Instrumentation Center, 
NTU with TEM analysis. 
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