JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by American Chemical Society

Three-Dimensional Self-Organization of Supramolecular
Self-Assembled Porphyrin Hollow Hexagonal Nanoprisms
Jin-Song Hu, Guo, Han-Pu Liang, Li-Jun Wan, and Li Jiang
J. Am. Chem. Soc., 2005, 127 (48), 17090-17095+ DOI: 10.1021/ja0553912 « Publication Date (Web): 11 November 2005
Downloaded from http://pubs.acs.org on March 25, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 36 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0553912

A\C\S

ARTICLES

Published on Web 11/11/2005

Three-Dimensional Self-Organization of Supramolecular
Self-Assembled Porphyrin Hollow Hexagonal Nanoprisms

Jin-Song Hu, Yu-Guo Guo, Han-Pu Liang, Li-Jun Wan,* and Li Jiang"

Contribution from the Institute of Chemistry, Chinese Academy of Sciences, Beijing 100080,
China, and Schlumberger-Doll Research, Ridgefield, Connecticut 06877

Received August 17, 2005; E-mail: wanlijun@iccas.ac.cn

Abstract: A self-assembly technique assisted with surfactant is developed to fabricate one-dimensional
(1D) nanostructure of zinc meso-tetra (4-pyridyl) porphyrin. The so-prepared nanostructure appears in a
shape of hollow hexagonal nanoprism with uniform size. The length and aspect ratio of the nanoprisms is
easily tunable by controlling the stoichiometric ratio of porphyrin over surfactant. The internal structure of
the nanoprisms is well described by XRD. Furthermore, as a result of dispersivity and regular geometric
shape, these nanoprisms can readily self-organize into an ordered, smectic three-dimensional (3D)
architecture through simple evaporation of the solvent. The results should be significant in porphyrin
crystallization and porphyrin application in optoelectronic device, catalysis, drug delivery, and molecular
filtration.

Introduction Porphyrin, a family of macrocyclic organic molecules, has

been extensively investigated in vastly diverse areas ranging
Self-assembly and self-organization are natural and spontane-,
from chemistry, physics, biology, and medicine to molecular

ous processes occurring mainly through noncovalent interactions
P 9 y 9 device?3 Such immense interests are stemmed from the bio-

such as van der Waa]s, hydrogen bonding, hydrophilic/ compatibility of porphyrin and its ability to convert light energy
hydrophobic, electrostatic, donor and acceptor, and metal . . . o
. T « h into electron motion, as does its chlorophyll counterpart in light-
ligand coordination networksAs a “bottom-up” strategy, self- : . ) .
o ; : . _harvesting complex upon which all the life forms on this planet
assembly and self-organization are showing ever increasing . I . o
. . . . . . . depend. Among the investigations, one focus is the fabrication
importance in chemistry, material science, life science, and . .
i - . and preparation of designable assembly and nanomat&rfal.
nanotechnology. As a result of understanding and fabricating |, . .
o Iy e It is well-known that the property of a nanostructured material
living and natural systems from nonliving and artificial self- . .
or self-asembly will strongly depend on its morphology.
assemblies, a wide variety of nanometer or micrometer scale
.Recently, Smith et al. reported that porphyrin nanorods several
structures and assemblies has been generated, including mi-
5 2 58 9 1011 1213 nanometers wide exhibit remarkable photoconductivity with a
celles? vesicles’* ribbons~2 films,® fibers; tubes; 2
o L as T rapid turn on/off raté2 A composite porphyrin nanotube was
wires!4and zeolited® These organizations from molecular self- . -
produced by electrostatic force between two oppositely charged

assemblies to controllable architectures and materials with ing33.34 i : .
. - . porphyrins3334These results are important achievements in the
advanced functions may meet the requirement of many objec-

tives in science and technology such as sensor, electronic, ang;g) prain, c. M.Proc. Natl. Acad. Sci. U.S.£2002 99, 5178.

electromechanical devidé;22 (17) Du, C.; Falini, G.; Fermani, S.; Abbott, C.; Moradian-OldakSdience
2005 307, 1450.
(18) Kurth, D. G.; Lehmann, P.; Sctie, M. Proc. Natl. Acad. Sci. U.S.200Q
T Schlumberger-Doll Research. 97, 5704.
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)
)
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Figure 1. Low (A) and high (B) magnification SEM images and HRTEM . P— . .
image (C) of Sample . SEM images of Sample Il (D) and Sample Ili (). IMage in Figure 1B from Sample |, it is ewdept that thege rods
The insets show the average longitudinal and lateral dimensions of the POssess an open and hexagonal end. The high-resolution TEM
corresponding samples. image in Figure 1C shows a strong contrast between the dark
) ) ~wall and the whitish center of the assembly, which is a typical
research of porphyrin on structural construction and utilization. feature of a hollow structure. The average thickness of the wall
Therefore, fabricating assembly with special and controllable js apout 30 nm. From the SEM and TEM observation, this
structure is still a challenge in porphyrin study. Establishing an' strycture can be called hollow hexagonal nanoprisms (HHNPS).
effective method to prepare desirable organic 1D nanostructuresin an energy-dispersed X-ray (EDX) analysis of the HHNPs,
and to eventually convert them into a designed architecture is the elements of C, N, and Zn that constitute the molecules of
an increasing interest in chemistry and nanot_echnok_)gy. ZnTPyP are clearly identified (see Figure S1 in Supporting
Here, we report the molecular self-assemblies of zinc meso- |nformation), which confirms that the product is made from
tetra (4-pyridyl) porphyrin (ZnTPyP). With the assistance of znTpyp. A statistical analysis is conducted by measuring over
surfactant, a supramolecular self-assembly, hollow hexagonal0p HHNPs in TEM images. The results in Figure 2 show the
nanoprism of ZnTPyP can be easily constructed with a tunable gimensional distribution of the HHNPs in Sample 1. It can be
length and aspect ratio. The structural feature of the nanoprismsseen from the statistical results that the HHNPs are uniform in
was characterized by transmission electron microscopy (TEM) poth |ateral and longitudinal dimensions, giving an average
and scanning electron microscopy (SEM). Furthermore, the one-jength and outside diameter 529 12 nm and 95+ 3 nm,
dimensional (1D) assembly can self-organize into a three- respectively.
dimensional (3D) superstructure through the simple evaporation The size and aspect ratio (i.e., longitudinal/lateral dimension)

Zfdg;er St?;ﬁeg:{dT:I]SoTeest:g:cI: Tsa(:grzngrgﬁ;(r:;erl]ct)‘ Eolleto dsescribé) f the so-prepared self-assembled HHNPs can be tunable by
P P ploy thanging the stoichiometric ratio of ZnTPyP over the surfactant
and reveal the growth process and photochemical property of

. . . CTAB. For example, Samples I, I, and Ill were prepared with
the special self-assemblies. The internal structure of the hollow . -
. . . . .~ the same concentration of ZnTPyP/DMF solution at 0.25 mM,
hexagonal nanoprism was investigated by X-ray diffraction

(XRD) while the concentrations of CTAB varied at 0.4, 0.2, and 0.8
' mM, respectively. These changes result in the differences in
Results and Discussion the length and aspect ratio of the HHNPs as 3302 nm and

When a stock solution of ZnTPyP/DMF (404, 0.25 mM) ii{)or Samr:jleal,S?fZGtSB nTn ﬁ?d_ri.otfor.Salrgrl)Eliﬂlll, and 3‘;0
was injected into 5 mL of continuously stirred aqueous CTAB nm and 5.5 Tof samp'e 1. 1ne typica Images for
(cetyltrimethylammonium bromide) solution in different con- the thf_ee samplgs are shown n Figure 1A, 1D, and 1E,
centrations at room temperature, the self-assembly of porphyrin respectively. The insets in these figures reveal the average length

molecules was formed. Figure 1 shows the results observed from?; HIHNF;S] "} fﬁCh slff;\mple. Itb?:a dn ﬁasle:enbfrom the w;:agtes th?r:
a series of samples. Figure 1A is a typical SEM image of Sample € length ot the sefi-assemble S becomes shorter wi

I. For the preparation of Sample I, the concentration of CTAB the increase of the concentration of CTAB. When the concen-

was 0.4 mM. From this image, it can be seen that the sample isgggon of C'I(;ABhwas{hO.S mM, tret]engt? (c:)_fr::NPs \ga;s CI%I
composed of a large amount of molecular rods with uniform nm, and when the concentration o was 0.2 mil,

size and shape as well as a smooth outside wall and an unevert\,he Ie?gtth;a;/YDZ&En;. On the o:her %agg’ w'\r;len tg%gon'(\:ﬂentra-
terminal surface. The average length of a rod is ca. 530 nm astion of ZnTPy ecreases from 0.25 mM 1o 0.06 mM, at

indicated in the inset of Figure 1A. In a high-magnification SEM tN€ same concentration of CTAB at 0.4 mM as Sample I, the
sizes of self-assemblies vary correspondingly from 95 xam
(33) Wang, Z.; Medforth, C. J.; Shelnutt, J. A. Am. Chem. So2004 126, 529 nm to 34 nmx 200 nm (see Supporting Information Figure
15954, P
(34) Wang, Z.: Medforth, C. J.; Shelnutt, J. & Am. Chem. So@004 126 S2). The r_esults indicate the effect of surfactant of CTAB on
16720. the formation and structure of HHNPs.
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Figure 3. (A) XRD patterns of self-assembled porphyrin HHNP (black), porphyrin starting materials (red), and simulated pattern (blue) from the published
crystal structure data (CCDC, Refcode YOVTOS). (B) Space-filling representation of an open-framework structure of HHNP along the crystatiographi
axis. O molecules are omitted for clarity. Zn, purple; N, blue; C, gray; H, white. (C) Perspective view of skeletal representati@m @mnections).

(D) Perspective view of illustrative structure of self-assembled porphyrin HHNP. The illustrations are not drawn to scale.

The internal structure of the self-assembled porphyrin HHNP structure. Therefore, it can be concluded that the HHNP has
is investigated by XRD analysis. Figure 3 is the XRD patterns the same crystal structure with the crystal structure described
and the proposed structural models. In Figure 3A, the XRD by Goldberg et al. Specifically, porphyrin HHNP has a
pattern in black line is obtained from the self-assembled rhombohedral space grolg8 with the unit cell dimensiona
porphyrin HHNPs of Sample |, and the pattern in red line is = 33.145 A b =33.145 A,c = 9.374 A,a. = g = 90°, andy
from ZnTPyP bulk starting material of a commercial chemical. = 12(°. Figure 3B is a schematic illustration of a layer of HHNP
All of the peaks in the black pattern can be designated from along itsc axis from the XRD results. In this model, the zinc
the red pattern, which confirms that the nanoprisms consist of atom at the center of ZnTPyP is six-coordinated to four pyrrole
pure ZnTPyP. However, in the present experiment, the starting nitrogens of porphyrin core and to two pyridyl N-atoms of other
ZnTPyP molecules are self-assembled into a well-defined 1D porphyrins approaching from both side of the molecular
nanostructure. To further ascertain the crystal structure andframework3® Each porphyrin monomer is thus strongly linked
molecular self-assembly mode, we have searched the publishedo four neighboring porphyrin units. The structure can be also
crystal structures of zinc meso-tetra (4-pyridyl) porphyrin described as one consisting of a circular hexametric cage cross-
including its solvent clathrates and have theoretically simulated linked by axial coordination of pyridyl ligands, which propagates
the XRD pattern as shown in Figure 3A in blue line. It can be in three different directions of the trigonal lattice. A notable
found that all of the peaks in the XRD pattern of self-assembled feature of such a structure is that the center of the hexametric
HHNPs in black line can be indexed well according to the cage has a large cavity about 19 A with a functional pyridine
simulated pattern in blue line from the crystal structure obtained window where water molecules may be ligated through hydro-
by Goldberg et al. (CCDC Refcode: YOVTO%)The XRD gen bonding$5-3®The adjacent circular hexametric cage arrays
pattern of HHNPs is significantly different from ones simulated interpenetrate each other in the crystal structure and are “glued”
from the reported crystal structures other than the above crystalby noncovalentz— interactions between porphyrin molecules,
which may be further stabilized by water species brid§dhis

(35) Krupitsky, H.; Stein, Z.; Goldberg, I.; Strouse, C.EInclusion Phenom.
1994 18, 177. (36) Lin, K.-J.Angew. Chem., Int. EA.999 38, 2730.
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Figure 4. (A) UV —vis spectra obtained at every 30 s from the beginning of stock solution injection. There is an isosbestic point corresponding to J-aggregates.
SEM images acquired at 150 s (B) and 240 s (C) after injection. The inset in B shows the enlarged angular flakes. The red arrows in C indicate the fragments
of incomplete self-assembled structures. (D) Schematic illustration of the formation process of HHNPs (not to scale).

structure results in a hexagonal channel with the dimension of at 424 nm, associated with monomer, decreases gradually. From
al2 x alv/3 (16.6 A x 19.1 A) along the crystallographic about 360 s onward, the spectra remain unchanged, indicating
axis, as shown in Figure 3C. that the aggregation process reaches a steady state. The rapid
In the XRD patterns of Figure 3A, it can be further observed evolution of the U\-vis spectra demonstrates a fast nucleation
that the relative intensity of the characteristic (220) and (440) process followed by facile growth. The SEM images in Figure
peaks in HHNPs (black pattern) remarkably increases compared4B and 4C are acquired at two different time periods in the
to those in the ZnTPyP starting material and simulated pattern. course of the self-assembly of Sample I, showing the corre-
Moreover, the (101) peak in HHNP XRD pattern vanishes and sponding intermediate morphologies of the HHNPs. As shown
the intensities of the peaks of (M1 and (2A)) decrease in Figure 4B, some angular objects begin to appear at about
significantly. These features indicate that ZnTPyP molecules 150 s after the reaction starts where the intermediates are fairly
in HHNPs prefer to self-assemble and to grow along the short with sharp ends. At about 240 s of the reaction, the
crystallographicc axis. That is, the longitudinal direction of assembly further proceeds where the coexistence of HHNP and
HHNP is the crystallographic axis, which reveals that the wall ~ incomplete structures is visible (Figure 4C).
of HHNP possesses heaps of the hexagonal channels parallel On the basis of the above experimental results, we propose
to thec axis as shown in Figure 3D. a tentative mechanism to illustrate the formation process of
The UV—vis spectrum and SEM image are used to monitor ZnTPyP HHNP as shown in Figure 4D. Initially, ZnTPyP
the formation process of ZnTPyP HHNP. Figure 4A shows the monomers and CTAB surfactant molecules start to self-assemble
successive UV vis spectra acquired at every 30 s in the self- and form porphyrin/surfactant complex under the hydrophobic
assembled process of Sample I. It can be seen that the low-interaction between the alkyl chains of CTAB and porphyrin
energy Soret band at 460 nm, associated with J type aggregatenoleculess’3%40With the diffusion of DMF into water, por-
mode?”-38increases gradually while the high-energy Soret band

(39) Barber, D. C.; Freitag-Beeston, R. A.; Whitten, D.JGPhys. Chenl991,

(37) Maiti, N. C.; Mazumdar, S.; Periasamy, 8l.Phys. Chem. B99§ 102, 95, 4074.
1528. (40) Lucia, L. A.; Yui, T.; Sasai, R.; Takagi, S.; Takagi, K.; Yoshida, H.;
(38) Okada, S.; Segawa, H. Am. Chem. So003 125, 2792. Whitten, D. G.; Inoue, HJ. Phys. Chem. B003 107, 3789.
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1.Disorder Nanoprisms 2. Ordered Arrangement 3. 2D Arrangement 4. 3D Organization

Figure 5. SEM images of 3D smectic superstructures self-organized by HHNPs. A smectic layer of Sample Il in vertical alignment (A), horizontal alignment
(B), and horizontal alignment with defects showing a layer-by-layer structure (C). (D) Top view of Sample | in horizontal alignment. The bar280gth is
nm. (E) A schematic illustration of the possible self-organization process of HHNP assemblies.

phyrin molecules form dimers, and the dimers aggregate with were found in the absence of surfactant (see Figure S3 in
surfactant molecules. The ZMN axial coordination of pyridyl Supporting Information). However, the schematic illustration

N-atoms to zinc atoms of ZnTPyP molecules promotes the in Figure 4D is only a temporary and possible description of

growth of aggregates, which continue to grow into a flake the HHNP formation. The role of surfactant in the nanostructure
structure mainly driven by crystal packing force ane-x formation should be investigated in detail.

stacking interaction among adjacent ZnTPyP molecules. The In analogy to biological systems, molecular self-assembled
difference of the metal ligation and strong—sz stacking primary structures need to further be organized into secondary,
interactions in the three dimensions leads to the different growth tertiary, or quaternary levels of superstructures, which are very
rates that eventually result in the formation of a HHNP. The important to many of the devices based on organic or hybrid

hexagonal shape and preferred growth alongctheis of the inorganic-organic compound¥-22 It has been reported that
HHNP are dependent on the specific intermolecular reaction some inorganic building blocks can be organized into a higher
and crystal packing force among ZnTPyP molectfeln a order ensemble with advanced function, such as photonic band
control experiment (not shown here), we find the-2¥ axial gap crystaf* whereas few examples are available for an organic

coordination is important to form these one-dimension as- systemt®17In the present study, it is found that the molecularly
semblies. When zinmesetetra (4-phenyl) porphyrin (ZnTPP)  self-assembled HHNPs can organize into 3D smectic super-
or mesetetra (4-pyridyl) porphyrin (TPyP) was used as the structures after the evaporation of the solvent. For this purpose,
starting material instead of ZnTPyP, defined one-dimensional droplets of concentrated HHNP aqueous solution are deposited
self-assembled structures cannot be obtained. On the other handyn silicon substrate. After the evaporation of water, the remains
although the exact step-by-step kinetics of the HHNP formation are examined by using SEM. Figure 5A is a typical SEM image
is not yet known, it is evident that the presence of CTAB of the superstructures with Sample Il in vertical alignment,
surfactant molecules plays an important role in the self- showing that the self-organized HHNPs are in a hexagonal close-
assembled proced$#! The influence of surfactants or other packed architecture with a core-to-core distance of about 100
additives on crystal morphologies has been well reported in . . . .

earlier researct?43In the present experiment, the irregular rods 42) Eggﬁ?‘éﬁ{‘zYS'y”Aﬁq é?]gn';’!"'sgag/g‘édiga L jdelson, M.; Lahav, M

(43) Weissbuch, I.; Zbaida, L.; Leiserowitz, L.; Lahav, M.Am. Chem. Soc.
(41) Balaban, T. S.; Leitich, J.; Holzwarth, A. R.; Schaffner JKPhys. Chem. 1987, 109, 1869.
B 200Q 104, 1362. (44) Lopez, C.Adv. Mater. 2003 15, 1679.
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nm between adjacent HHNPs. Figure 5B is an SEM image in Scheme 1. Molecular Structure of ZnTPyP
horizontal alignment. The images exhibit a highly ordered 3D R
self-organized architecture with remarkable smectic character-
istics, composed of a large number of HHNPs as building
blocks. Figure 5C is an SEM image with defects in horizontal —
alignment. In this image, it is clear that the ZnTPyP HHNPs R— R R= @N
have self-organized into a well-ordered lattice with a layer-by-
layer structure. This densely packed architecture can form a
domain of tens to hundreds of square micrometers with the
possibility of extending further over an even larger area. Thus,
we believe that the self-assembled porphyrin HHNPs can be
used potentially as nonspherical building blocks for many fields
such as optical nanodevices, biomaterials filter, and photonic Materials. The compounds of zinc meso-tetra (4-pyridyl) porphyrin
band gap crystal as a result of their remarkable monodispersity(ZnTPYP, Scheme 1) and cetyltrimethylammonium bromide (CTAB)
and simple preparation in large scale. Moreover, other samplestSed in this study were purchased from Aldrich Chemical K-
such as Sample | can also self-organize into the 3D architecturedimethylformamide (DMF) (A. R.) was used as the solvent of ZnTPyP
as shown in Figure 5D. and was purchas_ed from_ E_»e_ljlng Chemical Reagent Corp., _Chlna.
Ultrapure water with a resistivity: 18.2 MQ cm was produced using
A schematic illustration for the organization process of a Milli-Q apparatus (Millipore) and was filtered using an inorganic
HHNPs is proposed in Figure 5E. The presence of surfactant ismembrane with a pore size of 0.@2n (Whatman International, Ltd.)
also considered to be important in the 3D self-organization of just before use.
the porphyrin HHNPs. The hydrophobic interactions among  Sample Preparation Methods.The nanoprisms of zinc meso-tetra
alkyl chains of CTAB on the external surface of HHNPs and (4-pyridyl) porphyrin were synthesized through a simple solution
among adjacent HHNPs are the key driving force for the self- Procedure. In a typical preparation, 40D of stock ZnTPyP and DMF
organization. Such driving force is also proposed for a mesoscalese!ution (0.25 mM) was injected into 5 mL of continuously stirred
assembly of surfactant-coated nanoparticles with high Sh(,ipeaqueous solution of CTAB Wlth different cqncentratlons :_at room
anisotropy?2 Analogous to the monadispersed inorganic building ‘€mPerature (25C). Then, the mixture was stirred for 10 min. The
T resulting solution became greenish transparent colloidlike solution
blocks such as quantum dots, rods, and witg8jt is likely

. - without precipitation for several months. In this study, three samples
that the smooth external side surface, the uniform hexagonalyth the concentration of CTABcrag) = 0.4, 0.2, and 0.8 mM were

external geometry, and the good monodispersity exert importantprepared and were assigned as sample 1, I, and Ill, respectively.
effects on regulating the spontaneous formation of a well- Ultrapure water was used in all experiments.

ordered 3D superlattice. The hydrophobic driving force that is  For electron microscopy observation, the products were centrifuged
strengthened by collective intermolecular couplings in the at 9000 rpm and were washed twice with Millipore water to remove
architecture is responsible for the transitions from random to the surfactant deposited onto silicon wafer substrate and copper grid
ordered mesophase associated with the pendant surfactanfor the characterization of scanning electron microscopy and transmis-

molecules that function over an elongated scale to produce thesion electron microscopy, respectively. A Hitachi S-4300F scanning
giant three-dimensional organization electron microscope equipped with energy-dispersive X-ray analyzer
) (Phoenix) was used to investigate the morphology of the hollow

hexagonal nanoprisms of ZnTPyP. TEM images were collected by using
a JEM JEOL 2010 operated at 200 kV. X-ray diffraction measurement
In summary, this study has successfully developed an Was c_arried ou_t with a Rigaku D/max-2500 using filtered Ca K
effective and facile method for self-assembling porphyrin radiation. UV-vis spectroscopy (UV-1601PC, SHIMADZU) was used
molecules into hollow hexagonal nanoprisms with uniform size to characterize the optical absorbance of the porphyrin nanoprisms.
. . Photoluminescence (PL) spectra were measured in a HITACHI F-4500
and shape and Controllgble aspe_ct ratio. The control_led EXPEI £y orescence Spectrophotometer at room temperature. The excitation
ments Qllow one to tailor the size and aspect ratios of the wavelength is 422 nm.
porphyrin nanoprisms. The XRD study reveals that the hollow
nanoprisms have the trigonal structure with the space gR8up Acknowledgment. The authors thank Prof. C. L. Bai, Prof.
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organize into the well-ordered 3D smectic superstructures and Prof. F. Huang at Fujian Institute of Research on the
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