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Abstract: We have shown that various porphyrin-containing nanostructures can be easily synthesized by
a surfactant-assisted self-assembly (SAS) method, where an oil/aqueous medium is employed. When a
chloroform solution of zinc 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (ZnTPyP) was added dropwise
into cetyltrimethylammonium bromide (CTAB) aqueous solution, diverse ZnTPyP-based nanostructures,
including hollow nanospheres, solid nanospheres, nanotubes, nanorods, and nanofibers, were successfully
assembled. Depending on the aging time, when a low-concentration CTAB aqueous solution was employed,
hollow nanospheres or nanotubes were produced. In contrast, either solid nanospheres or nanorods were
obtained by using a CTAB aqueous solution in moderate concentration. Moreover, solid nanospheres or
nanofibers were produced, when a high-concentration CTAB aqueous solution was used. We have further
shown that the nanorods can be hierarchically organized into a regular nanoarray on silicon substrates
over a large area, while the other nanostructures cannot. Interestingly, the nanorods displayed distinct
supramolecular chirality although the employed ZnTPyP is achiral. On the basis of the information obtained
from scanning electron microscopy, high-resolution transmission electron microscopy, fast Fourier
transformation, energy-dispersive X-ray spectroscopy, X-ray diffraction, and UV—vis and circular dichroism
spectra, a tentative explanation has been proposed. Our investigation suggests that the SAS method via
an oil/laqueous medium is an efficient way to synthesize organic nanostructures in a controlled manner,

and that such nanostructures can show different chiroptical and assembly properties.

Introduction

Nanostructured materials with tunable morphology have
attracted exceptional interest over the past decades because of
their unique architectures, tailored physicochemical properties,
central roles in fabricating nanoelectronics, and potential ap-
plications in bionanotechnology.™? In recent years, avast array
of novel nanostructures have been manufactured and studied
in the interdisciplinary fields of nanoscience, material science,
biological science, etc. Thus far, lots of investigations with
respect to inorganic nanomaterials have been reported and well
documented, as summarized by recent review articles.** Com-
pared with inorganic nanostructures, the organic counterparts
have, in particular, fascinated scientists because of their mul-
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tifunctionality, considerable variety and flexibility in molecular
design, and solution processability.® These advantages make the
organic nanostructures promising candidates for electronics,
including organic field-effect transistors, organic light emitting
displays, nanosensors, etc.>® Thus, the exploration of the
controlled synthesis of organic nanostructures is a significant
issue.
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Self-assembly is a ubiquitous principle in nature, which can
lead to ordered architectures, and can occur in natural and
synthetic systems at various levels.” It is currently considered
to be an efficient “bottom-up” strategy for manufacturing
organic-based nanomaterials. To date, a paramount of organic
nanostructures, such as nanotubes, nanofibers, nanorods, nano-
cails, etc., have been formulated through various self-assembly
protocols, including organogelation, interfacial assembly, mo-
lecular recognition, reprecipitation, evaporation, electrospinning,
surfactant-assisted self-assembly (SAS), etc., as reviewed
recently.*®° Among these methodologies, SAS is more
attractive, because the nature of the assembled nanomaterials
can be regulated by the surfactant readily. In the SAS process,
organic units, dissolved in a guest solvent, are organized with
the assistance of surfactants that are dispersed in a host
solvent.8#191 Under most circumstances, the employed guest
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and host solvents have similar polarity and good compatibility.
Considering the generally good solubility of organic units in
apolar or low-polar medium, a SAS using oil/agqueous medium
is a topic of broad interest.

On another front, porphyrins have received much attention
as excellent components for the construction of organic nano-
structures with motives for potential applications in photoelec-
tronic and nonlinear optical devices.”***® Furthermore, por-
phyrin assemblies have been considered to be excellent models
for mimicking the light-harvesting process in natural photosyn-
thesis, and for solar energy conversion.*® Thisis owing to their
unique planar as well as rigid molecular geometry, and to
aromatic electron del ocalization over the molecular frame, which
endows them with peculiar and tunable spectroscopic, photo-

(10) (&) Jang, J.; Oh, J. H. Adv. Mater. 2003, 15, 977-980. (b) Jing, B.;
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Chart 1. Molecular Structures of Zinc
5,10,15,20-Tetra(4-pyridyl)-21H,23H-porphine (ZnTPyP, left) and
Cetyltrimethylammonium Bromide (CTAB, right)

Br
Hzc—‘ltCHz
CH,

ZnTPyP CTAB

physical, photochemical, and assembly properties. So far, awide
variety of sophisticated porphyrin-containing nanomaterials,
such as nanotubes, nanowires, nanowhedl's, nanorods, etc., have
been developed.”® 5 For examples, Hasobe and co-workers
have reported supramolecular nanorods of meso-diaryl-substi-
tuted porphyrins formulated by a sonication method.**® Shel-
nutt’ s group has synthesized porphyrin nanotubes and nanofiber
bundles by ionic self-assembly of two oppositely charged
porphyrins,**®*~¢ and they have also manufactured square
porphyrin nanosheets using a reprecipitation method.*** Choi
and co-workers have recently reported the synthesis of single-
crystal porphyrin rectangular nanotubes by a vaporization—
condensation—recrystallization process.*f

Furthermore, porphyrin nanomaterials have also been pro-
duced by SAS methodologies. For examples, Wan and co-
workers have found that porphyrin-based hollow hexagonal
nanoprisms could be prepared in a DMF/water system in the
presence of surfactant.*** Moreover, they have also shown that
the hollow nanostructures could be further organized into an
ordered, three-dimensional architecture. Hupp, Nguyen, and co-
workers have demonstrated that porphyrin nanoplates and
nanorods could be produced through a self-assembly process
in an ethanol/water system. These nanostructures were hierar-
chically organized to form nanowires and macroscopic columnar
structures with the assistance of surfactants.***¢ Hasobe' s group
has constructed fullerene-encapsulated porphyrin hexagonal
nanorods in a DM F/acetonitrile system mixed with surfactant.*9
In these cases, porphyrin nanostructures are generally produced
in a mixed solvent system where the employed solvents have
good compatibility.** Taking into account the scientific and
practical significance of porphyrin species, and the general
satisfactory solubility of porphyrins in organic solvents with
low polarity, it is an issue of broad interest to synthesize
porphyrin nanostructures by means of a SAS where the
employed solvents are incompatible.

In the present contribution, we have reported that various zinc
5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (ZnTPyP, Chart

1)-based nanostructures, including hollow nanospheres, solid
nanospheres, nanorods, nanotubes, and nanofibers, can be easily
assembled by means of a SAS (Scheme 1) by adding dropwise
a CHCI; (ail) solution of ZnTPyP into an agueous solution of
surfactant, cetyltrimethylammonium bromide (CTAB, Chart 1).
We have shown that, depending on the aging time, either hollow
nanospheres or nanotubes could be formulated when the CTAB
concentration is low. Using a CTAB agueous solution with a
moderate concentration, solid nanospheres or nanorods were
formed, while either solid nanospheres or nanofibers were
produced when a high-concentration CTAB agueous solution
was employed. Remarkably, the nanorods showed supramo-
lecular chirality and were further organized to form regular
nanoarrays on a silicon substrate over a large area, while the
other nanostructures could not. Diverse porphyrin-based nano-
structures have been produced by various protocols, "1 and
to our best knowledge, the methodology described herein has
no precedent. Our investigation suggests that the SAS method
using an oil/agueous medium is an efficient way to construct
organic nanomaterials in a controlled manner, and that these
nanostructures can show different chiroptical and assembly
properties.

Results and Discussion

Typically, samples designated as I, 11, and 111, using 0.225,
0.9, and 4.5 mM CTAB agueous solutions, respectively, were
prepared. As shown in Scheme 1, an opague solution was
obtained soon after the dropwise addition of a ZnTPyP
chloroform solution into a CTAB aqueous solution. Vigorous
stirring was maintained for 15 min, after which a transparent
yellowish solution was obtained. The morphology of the
produced nanostructures, as a function of CTAB concentration
and aging time, was investigated by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM).
Figure 1 showsthe typical results obtained from sample |. When
the aging time was 15 min, hollow spheres with an outer
diameter of 100 nm ~1 um and an inner diameter of 40—700
nm, were obtained. When the aging time was 3 h, coexistence
of hollow spheres and nanotubes were observed. The size of
the spherical structure was similar to that aged for 15 min. The
nanotubes showed an average length of ca 500 nm, outer
diameter of ca. 55 nm, and wall thickness of ca. 10 nm. When
the aging time was extended to 3 days, only nanotubes, whose
basic dimensions were similar to those aged for 3 h, were
obtained.

In the cases of samples Il and 111, solid nanospheres with a
diameter of 100 nm to 1 um were obtained when the solutions
were aged for 15 min, as shown in Figures 2 and 3, respectively.
A mixture of nanospheres/nanorods was obtained for sample 1
upon being aged for 3 h. In the case of sample 111, a mixture of

Scheme 1. A Schematic lllustration Showing the Controlled Synthesis of Various Porphyrin Nanostructures by Means of a SAS, Where an

Oil/Aqueous Medium Is Employed?

/\@\{ﬂ'ﬂﬂ’ in CHCl,

L

CTAB in water

= -
L i
stiri ; Q@ oy
ey lamylomens, g, 2. gy
"’":h“ nanorod
45mMCTAB  ooid M’;\
15 minutes nanosphere nanofiber

0.225 mM CTAB . 3days
hollow — >

15 minutes

nanosphere nanotube

@ The morphology of the produced nanomaterials is controlled by CTAB concentration or the aging time. The drawing is not to scale.
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Figure 1. SEM images of the hollow spheres (A), hollow spheres/nanotubes
(B), and nanotubes (C) obtained from sample | upon aging for 15 min, 3 h,
and 3 days, respectively. TEM images of the spheres (D) and nanotubes
(E). The underlayer holes in B are the pores of the Millipore filter.

Figure 2. SEM images of the solid nanospheres (A), solid nanospheres/
nanorods (B), and nanorods (C) obtained from sample |l upon aging for 15
min, 3 h, and 3 days, respectively. TEM images of the solid nanospheres
(D) and nanorods (E). The underlayer holesin A and B are the pores of the
Millipore filter.

Figure 3. SEM images of the solid nanospheres (A), solid nanospheres/
nanofibers (B), and nanofibers (C) obtained from sample Il upon aging
for 15 min, 30 h, and 30 days, respectively. TEM images of the solid
nanospheres (D) and nanofibers (E). The underlayer holesin B and C are
the pores of the Millipore filter.

nanospheres/nanofibers was obtained when the sample was aged
for 30 h. The size of the nanospheres observed at this stage
was similar to those aged for 15 min. The nanorods obtained
in sample Il showed an average length of ca 550 nm and a
diameter of ca. 55 nm, while the nanofibers obtained in sample
111 displayed an average length of ca. 3.9 um and a diameter of
ca. 55 nm. For sample || that was aged for 3 days, only nanorods
similar to those aged for 3 h were obtained. In the case of sample
111, a longer aging period, 30 days, was required in order to
produce only nanofibers with characteristics analogous to those
aged for 30 h.

We noted that samples| and |1 that aged for 30 days displayed
results similar to those aged for 3 days, while sample Il that
was aged for 3, 10, or 20 days exhibited results similar to those
aged for 30 h. Accordingly, the aging time for samples | and |1
was typicaly designated as 15 min, 3 h, and 3 days, and that
for sample |11 was designated as 15 min, 30 h, and 30 days.
The relative distribution of the two types of nanostructures in
each sample as a function of the aging time is summarized in
Table S1—S3, Supporting Information. For all the samples, we
found that the relative ratio of the spherical structures to the
one-dimensional nanostructures tended to decrease with an
increase in aging time. This suggests that the spherica structures
were transformed directly into one-dimensional nanostructures
during the aging. Nevertheless, these data indicate that the
morphologies of the synthesized ZnTPyP-based nanomaterials
were readily controlled by the CTAB concentration or the aging
time.

Interestingly, we have further found that the nanorods could
be hierarchically organized into regular nanoarray over tens of
sguare micrometers by casting its solution on a silicon substrate.

J. AM. CHEM. SOC. m VOL. 132, NO. 28, 2010 9647
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Figure 4. SEM images of the nanoarray formed by various ZnTPyP nanostructures. A—D: those of the nanorods in the center of the contact line (A—C),
and on the edge of the contact lime (D). Irregularly arranged nanorods are observed (E) by casting a washed solution. Irregular nanopatterns formed by

nanospheres (F), nanotubes (G), and nanofibers (H).
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Figure 5. UV —vis spectra of samples | (A), Il (B), and I1l (C) as a function of the aging time.

As shown in Figure 4A—D, after the evaporation of the water
droplet, the nanorods were aligned in amultilayered arrangement
in the center of the contact line. Locally aligned nanorods were
observed on the edge of the contact line, where the nanorods
seemed to be held together by some “glues’. When a solution
of the nanorods, which was extensively washed by water, was
cast, an irregular nanopattern was observed (Figure 4E). These
results suggest that the CTAB might serve asthe “glue” for the
hierarchical organization.*** On the other hand, as shown in
Figure 4F—H, other nanostructures could not be further
organized into such an ordered nanopattern.

The growth of our nanostructures was monitored by UV —vis
spectra, as shown in Figure 5. The UV —vis spectrum of ZnTPyP
in chloroform solution shows a B-band at 425 nm (see
Supporting Information). As shown in Figure 5, parts A and B,
two B-bands at 415 and 455 nm were detected from samples |
and Il that were aged for 3 days, suggesting the formation of
Jtype aggregates.”” The former and latter bands were ascribed
to the transition moments parallel and perpendicular to the
aggregate axis, respectively.’” We noted that the B-band of
sample | was broader than that of 11, and there was a shoulder

9648 J. AM. CHEM. SOC. = VOL. 132, NO. 28, 2010

peak around 450 nm. These results indicate that ZnTPyP units
were packed more orderly in sample I, whereas they were
arranged less orderly in sample | where there existed various
kinds of unspecific J-type aggregates.1’>>181% For sample 111
that was aged for 30 days, B-bands at 425 and 455 nm were
observed, indicating the coexistence of J-aggregated and mon-
omeric ZnTPyP molecules.

For al the samples that were aged for 15 min, a nonaggre-
gated ZnTPyP B-band at 425 nm was observed, except that the
B-band of sample | displayed a relatively bigger width and a
shoulder peak at 455 nm. This suggests that ZnTPyP molecules
were monodispersed in samples |1 and 111 at this stage, whereas
in sample |, besides the nonaggregated units, some of ZnTPyP
molecules formed J-aggregates. After an aging time of 3 h,
UV —vis spectra of samples | and |1 displayed a nonaggregated
ZnTPyP B-band at 425 nm with a shoulder at 455 nm,
suggesting that most of ZnTPyP molecul es were nonaggregated
and some of them were packed as J-aggregates. The width and
the relative intensity of the shoulder of sample | was bigger
than those of sample I1, indicating that ZnTPyP molecules in
the latter sample were more inclined to form ordered aggregates,
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Figure 6. CD/LD spectra of samples | (A), Il (B), and Il (C) upon aging for 3 (sample | and Il) and 30 (sample I11) days.

comparatively. In the case of sample Ill, a nonaggregated
ZnTPyP B-band at 425 nm and a shoulder at 455 nm were
observed when the sample was aged for 30 h. The intensity of
the B-band at 455 nm was extremely lower than that at 425
nm, suggesting that ZnTPyP molecules were more inclined to
exist as monomers when the CTAB concentration was high.

Currently, in addition to the photophysical, photochemical,
biochemical properties, etc., another research focus for porphy-
rin-based supramolecular assembliesistheir chiroptical features,
owing to their substantial significance in awide range of fields
such as chiral sensing, smart soft nanomaterials for data storage,
optobioelectronics, chiroptical devices, catalysis, etc.*42° Be-
sides the intrinsically chiral porphyrin species,?* achiral por-
phyrins also form chiroptical supramolecular associations*8223-2
The latter subject has, in particular, attracted much attention
because of its essential relationship to the mirror symmetry
breaking of a system and the origin of supramolecular
Ch| ral ity.18’22’23725

The chiroptical properties of the synthesized nanostructures
were investigated by circular dichroism (CD) and linear dichro-
ism (LD) spectra, as shown in Figure 6. Interestingly, in the
case of sample Il that was aged for 3 days, positive Cotton

(17) (a) Kasha, M.; Rawls, H. R.; Ashraf EI-Bayoumi, M. Pure Appl. Chem.
1965, 11, 371-392. (b) McRee, E. G.; Kasha, M. J. Chem. Phys, 1958,
28, 271-277. (c) van Esch, J. H.; Feiters, M. C.; Peters, A. M.; Nolte,
R. J. M. J. Phys. Chem. 1994, 98, 5541-5551. (d) Kano, H.; Kobayashi,
T. J. Chem. Phys. 2002, 116, 184-195.

(18) (a) Zhang, Y.; Chen, P; Liu, M. Chem—Eur. J. 2008, 14, 1793—
1803. (b) Zhang, Y.; Chen, P.; Ma, Y.; He, S.; Liu, M. ACS Appl.
Mater. Interfaces 2009, 1, 2036-2043. (c) Yao, P.; Qiu, Y.; Chen, P.;
Ma, Y.; He, S;; Zheng, J.-Y.; Liu, M. ChemPhysChem 2010, 11, 722—
729.

(19) (a) Qian, D.-J.; Nakamura, C.; Miyake, J. Langmuir 2000, 16, 9615~
9619. (b) Togashi, D. M.; Romao, R. 1. S,; daSilva, A. M. G.; Sobrd,
A.J. F.N.; Costa, S. M. B. Phys. Chem. Chem. Phys. 2005, 7, 3874~
3883. (c) Choudhury, B.; Weedon, A. C.; Bolton, J. R. Langmuir 1998,
14, 6192-6198. (d) Gust, D.; Moore, T. A.; Moore, A. L.; Luttrull,
D. K.; DeGraziano, J. M.; Boldt, N. J; Van der Auweraer, M.; De
Schryver, F. C. Langmuir 1991, 7, 1483-1490.

(20) For reviews, see: (a) Borovkov, V. V.; Inoue, Y. Top. Curr. Chem.
2006, 265, 89-146. (b) Hembury, G. A.; Borovkov, V. V.; Inoue, Y.
Chem. Rev. 2008, 108, 1-73. (c) Rosarig, L.; D’ Urso, A.; Mammana,
A.; Purrell, R. Chirality 2008, 20, 411-419. (d) Berova, N.; Di Bari,
L.; Pescitelli, G. Chem. Soc. Rev. 2007, 36, 914-931.

(21) (a) Hoeben, F. J. M.; Walffs, M.; Zhang, J.; De Feyter, S.; Leclére,
P.; Schenning, A. P. H. J; Meijer, E. W. J. Am. Chem. Soc. 2007,
129, 9819-9828. (b) Monti, D.; Venanzi, M.; Stefanelli, M.; Sorrenti,
A.; Mancini, G.; Di Natale, C.; Paolesse, R. J. Am. Chem. Soc. 2007,
129, 6688-6689. (c) Shaji, Y.; Tashiro, K.; Aida, T. Chirality 2008,
20, 420-424. (d) Baaban, T. S.; Bhise, A. D.; Fischer, M.; Linke-
Schaetzel, M.; Roussel, C.; Vanthuyne, N. Angew. Chem,, Int. Ed.
2003, 42, 2140-2144. (e) Monti, D.; Venanzi, M.; Mancini, G.; Di
Natalec, C.; Paolesse, R. Chem. Commun. 2005, 2471-2473. (f)
Mizuno, Y.; Aida, T. Chem. Commun. 2003, 20-21.

(22) (@) Proni, G.; Pescitelli, G.; Huang, X.; Nakanishi, K.; Berova, N.
J. Am. Chem. Soc. 2003, 125, 12914-12927. (b) Onouchi, H.;
Miyagawa, T.; Morino, K.; Yashima, E. Angew. Chem.,, Int. Ed. 2006,
45, 2381-2384. (c) Mammana, A.; D’Urso, A.; Lauceri, R.; Purrello,
R. J. Am. Chem. Soc. 2007, 129, 8062—8063. (d) Koto, Y.; Ohno, T.;
Yamanaka, J-l.; Tokita, S; lida, T.; Ishimaru, Y. J. Am. Chem. Soc.
2001, 123, 12700-12701.
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Figure 7. CD spectra of ZnTPyP nanorods fabricated in sample Il that
was aged for 3 days. The black and red curves are the results detected
from the samples prepared in different batches. Clockwise stirring was
applied at the initial stage for the synthesis of the samples.

effects (CE) around 452 and 411 nm, and negative CE around
458, 445, and 420 nm, with crossovers at 415, 448, and 455
nm (designated as positive CD curve hereafter) were observed
in the CD spectrum, although the ZnTPyP building block itself
was achiral. The LD spectra of the sample, whose profile was
different from that of the corresponding CD spectra, and whose
optical density was lessthan 1 x 1073, was negligibly smaller
than that of CD spectra.?® The contribution of an LD artifact to
CD is estimated to be less than 1%.2%2” These results suggest
that our nanorods have supramolecular chirality,**2% owing to
the helical stacking of ZnTPyP chromophores,?® which is aresult
of a symmetry breaking.5"18:23.2429

As shown in Figure 7, mirror-imaged CD curves were
detected from sample |1 that was prepared in different batches.
We measured the CD spectra of 30 samples obtained from 30
different batches, where clockwise (CW) stirring was applied
at theinitial stage (15 min) of the SAS. Twenty six CD spectra

(23) (a) Ribo, J. M.; Crusats, J.; Sagués, F.; Claret, J.; Rubires, R. Science
2001, 292, 2063-2066. (b) Escudero, C.; Crusats, J.; Diez-Pérez, |.;
El-Hachemi, Z.; Ribo, J. M. Angew. Chem,, Int. Ed. 2006, 45, 8032—
8035. (c) Yamaguchi, T.; Kimura, T.; Matsuda, H.; Aida, T. Angew.
Chem,, Int. Ed. 2004, 43, 6350-6355. (d) Tsuda, A.; Alam, M. A
Harada, T.; Yamaguchi, T.; Ishii, N.; Aida, T. Angew. Chem.,, Int.
Ed. 2007, 46, 8198-8202. (€) Rubires, R.; Farrera, J-A.; Ribd, J. M.
Chem.—Eur. J. 2001, 7, 436-446.

(24) (a) Chen, P.; Ma, X.; Duan, P.; Liu, M. ChemPhysChem 2006, 7,
2419-2423. (b) Zhang, L.; Yuan, J; Liu, M. J. Phys. Chem. B 2003,
107, 12768-12773. (c) Zhai, X.; Zhang, L.; Liu, M. J. Phys. Chem. B
2004, 108, 7180-7185.

(25) (a) Spada, G. P. Angew. Chem., Int. Ed. 2008, 47, 636-638. (b)
Amabilino, D. B. Nat. Mater. 2007, 6, 924-925.

(26) Murata, K.; Aoki, M.; Suzuki, T.; Harada, T.; Kawabata, H.; Komori,
T.; Ohseto, F.; Ueda, K.; Shinkai, S. J. Am. Chem. Soc. 1994, 116,
6664-6676.

(27) (a) Ohiro, A.; Okoshi, K.; Fujiki, M.; Kunitake, M.; Naito, M;
Hagihara, T. Adv. Mater. 2004, 16, 1645-1650. (b) Gillgren, H.;
Stenstam, A.; Ardhammar, M.; Nordén, B.; Sparr, E.; Ulvenlund, S.
Langmuir 2002, 18, 462—-469.

(28) (a) Maiti, N. C.; Mazumdar, S.; Periasamy, N. J. Phys. Chem. B 1998,
102, 1528-1538. (b) Li, J;; An, Y.; Chen, X.; Xiong, D.; Li, Y.; Huang,
N.; Shi, L. Macromol. Rapid Commun. 2008, 29, 214-218.

(29) (a) Huang, X.; Li, C.; Jiang, S.; Wang, X.; Zhang, B.; Liu, M. J. Am.
Chem. Soc. 2004, 126, 1322-1323. (b) Yuan, J,; Liu, M. J. Am. Chem.
Soc. 2003, 125, 5051-5056.
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Figure 8. Top panel: HRTEM of the nanotube (A), nanorod (B), and nanofiber (C) synthesized in samples|, 11, and 11, respectively. Bottom panel: the FFT

pattern of the corresponding nanostructures shown in the top panel.

displayed positive CD curves, while four samples displayed
mirror-imaged CD curves. For counter-clockwise (CCW) stir-
ring, al the samples displayed positive CD curves. These results
suggest that the stirring sense might not select the chirality of
our nanorods, and that the ZnTPyP molecules were more
inclined to form chiral assemblies with M-helicity.*° In some
cases chiral assemblies with P-helicity were produced. On the
other hand, the stirring (CW or CCW) was maintained continu-
oudly for 3 days. CD spectra of 10 samples, which were obtained
by CW and CCW stirring, respectively, were measured. In these
cases, all the samples displayed positive CD curves. These
results are essentially similar to those reported by other
researchers,?® where no mirror-imaged CD curves were detected
from the chiral molecular assemblies of achiral ionic porphyrins.
Thus, we suggest that the chirality of our nanorods can not be
selected by the stirring sense. Thisis essentialy different from
other systems.?®

For sample | that was aged for 3 days, negligible CE was
observed, indicating it is an achiral system. In the case of sample
111 that was aged for 30 days, monosignated CE within 400—435
and 435—490 nm was detected. Its LD spectra, whose profile
is similar to that of the CD spectra, however, displayed strong
absorption of ca. 4 x 1072 This value was distinctly larger
than 1 x 1073.2° The contribution of an LD artifact to CD is
estimated to be ca. 125%,%%%” suggesting that the measured
CD inthis case, to agreat extent, originated from the anisotropy
of the system, which is owing to the excessive CTAB concen-
tration,* while the chiral packing of ZnTPyP chromophores
contributed less.2>%2% Additionally, negligible CE was observed
from all the samples that were aged for 15 min and 3 h except
that sample Il displayed distinct CE upon being aged for 3 h.
These interesting results indicate that the symmetry breaking
occurred in sample 11, while it did not in sample | and I11.

To disclosethe interna structure of the nanomaterias, the high-
resolution transmission eectron microscopy (HRTEM), fast Fourier

(30) Nakade, H.; Jordan, B. J.; Xu, H.; Han, G.; Srivastava, S.; Arvizo,
R. R.; Cooke, G.; Rotello, V. M. J. Am. Chem. Soc. 2006, 128, 14924~
14929.

(31) (a) Brinker, C. J; Lu, Y.; Sellinger, A.; Fan, H. Adv. Mater. 1999,
11, 579-585. (b) Raman, N.; Anderson, M.; Brinker, C. Chem. Mater.
1996, 8, 1682-1701.
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transformation (FFT), and X-ray diffraction (XRD) of our nano-
structures were investigated. As shown in Figure 8B, distinct lattice
fringe, which distributed to the entire areas of the nanorod, was
clearly observed from the HRTEM of the nanorods synthesized in
sample Il. The parallel nanostripes were adigned along the axis of
the nanorod. The FFT analysis of the corresponding nanorod in
the bottom panel of Figure 8B indicates an interlattice spacing of
approximately 1.54 nm. This value is very close to the diameter
of ZnTPyP disk, which was caculated to be 1.56 nm. As presented
in Figure 8A and 8C, in the cases of the nanotubes obtained in
sample |, and nanofibers obtained in sample 111, nearly similar
results were obtained except that the relatively blurry lattice fringe
did not distribute to the entire areas of the nanostructures and that
amorphous regions were aso observed. Nevertheless, an interlattice
spacing of 1.51 and 1.61 nm for the nanotubes and nancfibers,
respectively, was deduced on the basis of the FFT analysis shown
in the bottom panels of Figure 8A and 8C. Accompanied by the
information deduced from the UV—vis and CD spectra, these
results suggest that our nanorods manufactured in sample Il are
essentially composed of paralle digned ordered J-type aggregates
of ZnTPyP units, where the ZnTPyP chromophores are coopera
tively packed in a helical sense conformation.®>18:233-¢2428.29 |y
the cases of the nanotubes and nanofibers formed in samples| and
111, respectively, the ZnTPyP molecules formed less ordered Jtype
aggregates, where the cooperatively helical packing of the ZnTPyP
chromophores might be negligible.*82*

The structure of our nanomaterials was also characterized by
XRD andysis. As shown in Figure 9A, the XRD pattern of the
nanotubes showed two diffraction peaks at 260 = 5.35° and
10.7°. On the basis of these data, an interlattice distance of 1.65
nm was derived. This value was approximately consistent with
the diameter of ZnTPyP molecule and with the interlattice
spacing obtained from HRTEM. Similar results were obtained
from the XRD pattern of the nanorods and nanofibers, as shown
in Figure 8B and 8C, respectively. These results further
confirmed that the nanotubes, nanorods, and nanofibers might
be composed of parallel aigned columnar Jtype aggregates of
ZnTPyP molecules.

Experimentally, we found that the yellowish solution obtained
from all the samples kept their transparency with negligible
precipitates for several months. Moreover, the energy-dispersive
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Figure 9. XRD pattern of the synthesized nanotubes (A), nanorods (B),
and nanofibers (C).

X-ray spectroscopy (EDS) analysis of the produced nanotubes,
nanorods, and nanofibers (Supporting Information) indicated the
existence of zinc and bromine. These results suggested that our
self-assembled nanomaterials might be enwrapped by CTAB.

On the basis of the above-mentioned information, a possible
explanation was proposed, as shown in Scheme 2. As ZnTPyP
molecules in chloroform were added dropwise into CATB
aqueous solution, the chloroform phase was sphericaly dis-
persed in water, resulting in an opague microemulsion system
due to the incompatibility of chloroform and water. Some of
the surfactant molecules were absorbed on the surface of and
dissolved in the spherical-shaped oil phase, owing to their
distinct amphiphilic property. ZnTPyP/CTAB complexes driven
by the hydrophobic interaction between surfactant and ZnTPyP
are formed at this stage.™ 32 A transparent solution was formed
as the chloroform is volatilized. In the case of sample |, owing
to the deficiency of CTAB, hollow spheres were formed during
the volatilization of the oil phase. For samples Il and Ill,
complete solid spheres were formed, since the residual space,
caused by the volatilization of chloroform, were filled by the
extra CTAB surfactants.

Upon being aged, ZnTPyP molecules in some of the nano-
spheres began to aggregate in the microenvironment enwrapped
by CTAB surfactant. This is mainly driven by intermolecular
qt—a interactions. %333 The directionality of the 7— interac-
tions, cooperatively accompanied by the changes in the curva-
tures™ that resulted from the aggregation of ZnTPyP molecules,
induced the formation of one-dimensional structures. More one-
dimensional nanostructures were formed upon further aging. The
difference in the length of the one-dimensiona nanostructures
was due to the difference in CTAB concentration.® Our one-
dimensional nanostructures were formed through an evolution
process. Thisis essentially different from other SAS methods,
where a hierarchical assembly process is suggested.**# ¢

At the same time, owing to the deficiency of CTAB in sample
I, ZnTPyP molecules are more inclined to form relatively
irregular aggregates; thus, the cooperative helical packing of
the units are disturbed,™® producing achiral nanostructures. In
the case of sample 11, due to the higher CTAB concentration,

(32) () Li, X.; Zheng, Z.; Han, M.; Chen, Z.; Zou, G. J. Phys. Chem. B
2007, 111, 4342-4348. (b) Gandini, S. C. M.; Yushmanov, V. E;
Borissevitch, I. E.; Tabak, M. Langmuir 1999, 15, 6233-6243. (c)
Mishra, P. P.; Bhatnagar, J.; Datta, A. J. Phys. Chem. B 2005, 109,
24225-24230. (d) Barber, D. C.; Freitag-Beeston, R. A.; Whitten, D. G.
J. Phys. Chem. 1991, 95, 4074-4086. (e) Kadish, K. M.; Maiya, B. G,;
Araullo-McAdams, C. J. Phys. Chem. 1991, 95, 427-431. (f) Stein-
beck, C. A.; Hedin, N.; Chmelka, B. F. Langmuir 2004, 20, 10399—
10412.

(33) (a) Ruggles, J. L.; Foran, G. J.; Tanida, H.; Nagatani, H.; Jimura, Y .;
Watanabe, |.; Gentle, |. R. Langmuir 2006, 22, 681-686. (b) Hunter,
C. A,; Sanders, J. K. M. J. Am. Chem. Soc. 1990, 112, 5525-5534.

nonaggregated ZnTPyP molecules always existed during aging
(as suggested by the UV —vis spectra), which can disturb the
cooperatively helical packing of the neighboring units, 8¢
producing a system whose measured chiroptical activity,? to
agreat extent, originates from the anisotropy of the system.3
For sample I1, uniform aggregates formed with the assistance
of CTAB, which wasin an appropriate concentration, promoting
the cooperatively helical packing of ZnTPyP chromophores. This
phenomenon is essentially similar to the symmetry breaking that
occurs at the interface.®82429 | n addition, the nanorods could
be further organized into ordered nanoarray with the assistance
of CTAB “glue” owing to their monodipsersion. Other nano-
structures could not be organized into such regular nanopattern.
This is owing to the multidispersion of the nanospheres, the
lack of enough CTAB in sample I, and the excessive length of
the nanofibers in sample I11.

Conclusion

Briefly, we have demonstrated that various novel porphyrin-
containing nanostructures, including hollow nanospheres, solid
nanospheres, nanorods, nanotubes, and nanofibers, can be easily
manufactured by means of a SAS, where an oil/aqueous medium
is used. The morphologies of the nanostructures displayed
distinct dependence on the aging time and surfactant concentra-
tion, which enabled the controlled production of the nanostruc-
tures. The produced nanorods showed distinct chiroptical
activity, while other nanostructures displayed no supramolecular
chirality. This sheds new light on the symmetry breaking
phenomenon. Moreover, among these nanostructures, the nano-
rods were further hierarchically organized into a regular
nanoarray on solid supports over a larger area. On one hand,
considering the rich physicochemical and biochemical properties
of porphyrin nanostructures, and the broad interest of porphyrin-
containing chiral molecular assemblies, thisinvestigation reveas
a potential use of our nanostructures in optobioelectronics,
bionanotechnology, and chiroptical devices. On the other hand,
considering the broad representation of porphyrin and CTAB
in organic dyes and surfactants, respectively, our methodology
might enable a general method for the controlled synthesis of
organic nanostructures. We, however, stress that a detailed
mechanism is still unclear. Further study on the mechanism and
potential broad application of our method is underway.

Experimental Section

Chemicals and Reagents. Zinc 5,10,15,20-tetra(4-pyridyl)-
21H,23H-porphine (ZnTPyP, Aldrich) and cetyltrimethylammonium

(34) We have investigated the effect of the pH value on the SAS behavior
of ZnTPyP. The experimental facts (not shown here) indicate that (i)
ZnTPyP molecules have a good solubility in acidic agueous solution;
(ii) demetalation of ZnTPyP occurs under acidic conditions, resulting
in the formation of the protonated free base porphyrin species. On
the other hand, we have also carried out a control experiment (very
detailed results and analyses are not shown here), where 5,10,15,20-
tetra(4-pyridyl)-21H,23H-porphine (H2TPyP), a free base counterpart
of ZnTPyP, was assembled by the SAS method. We found that besides
some irregular and shuttle-like aggregates, hollow nanospheres/
nanotubes, solid nanospheres/nanorods, and solid nanospheres/nano-
fibers were also obtained when the concentration of CTAB was 0.225,
0.9 and 4.5 mM, respectively. This suggests that ZnTPyP could behave
as described in the main body of the manuscript even without the
axial coordination of pyridyl N to Zn of ZnTPyP (Zn—N), athough
we could not exclude the contribution of Zn—N coordination
absolutely.

(35) Jdung, H. T.; Lee, S. Y.; Kaler, E. W.; Coldren, B.; Zasadzinski, J. A.
Proc. Natl. Acad. Sci. U.SA. 2002, 99, 15318-15322.

(36) Rehage, H.; Hoffmann, H. J. Phys. Chem. 1988, 92, 4712-4719.
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Scheme 2. A Possible Explanation for the Controlled Synthesis ZnTPyP-Based Nanostructures by Means of a SAS via an Oil/Aqueous

Medium?
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bromide (CTAB, Aldrich) were used as received without further
purification. Distilled chloroform and Milli-Q water (18 MQ cm)
were used as the solvents for ZnTPyP and CTAB, respectively.
Methods and Procedures. In atypical procedure, 400 uL of a
solution of ZnTPyP dispersed in chloroform (2 x 1074 M) was
added dropwise into a 10 mL stock aqueous solution of CTAB
under vigorous stirring within 1—2 min. The concentrations of the
CTAB agueous solutions were set as 0.225, 0.9, and 4.5 mM for
the samples designated as |, I, and 11, respectively. For al the
cases, an opague solution was obtained soon after the addition. A
transparent yellowish solution was obtained after vigorous stirring
was maintained for 15 min. Then, the solution was kept at room
temperature without stirring for adesired time, after which UV —vis,
circular dichroism (CD), and linear dichroism (LD) spectra of the
solutions were measured. The nanostructures were subsequently
filtered on a Millipore filter (pore size 200 nm) and analyzed by
low-resolution transmission electron microscopy (LRTEM), high-
resolution transmission electron microscopy (HRTEM)), fast Fourier
transformation (FFT), energy-dispersive X-ray spectroscopy (EDS),
scanhing electron microscopy (SEM), and X-ray diffraction (XRD).
On the other hand, the produced nanostructures were a so obtained
by centrifugation (10000 rpm, 15 min). The precipitates were
collected and redispersed in water, after which the solution was
again subjected to centrifugation. This operation was repeated three
times. The final products were also characterized by the above-
mentioned methods. Generally, we found that results obtained for
samples produced by filtration and by centrifugation were similar.
To obtain the ordered nanoarray of the nanomaterials, the
unwashed solutions, which were aged for a designated time, were
cast on asilicon substrate. After the evaporation of the water droplet,
the SEM images of the nanopattern were investigated. On the other
hand, in order to disclose the effect of CTAB, the nanomaterials
were washed thoroughly with water by centrifugation. The nano-
structures dispersed in water were subsequently cast on silicon
substrate, and the formed patterns were investigated by SEM.

In order to estimate the authenticity of the (CD) spectra, the linear
dichroism (LD) spectra of the samples were also measured. The

9652 J. AM. CHEM. SOC. =m VOL. 132, NO. 28, 2010

W= ZnTPyP/CTAB complex
* = achiral aggregate

contamination of CD by LD artifacts were evaluated according to
a semiempirical equation.?327

Apparatus. JASCO UV-550 and JASCO J-815 CD spectropo-
larimeters were employed for the UV —vis and CD/LD spectra
measurements, respectively. The SEM measurements were per-
formed by using a Hitachi S-4800 system. LRTEM images of the
nanomaterials were obtained with a JEOL TEM-1011 electron
microscope (Japan) operating at 200 kV, and HRTEM images of
the nanostructures were performed on a FEI Tecnai G? F20
U-TWIN. Since our organic nanostructures suffer a fast amorphiza-
tion under a strong electron beam (accelerating voltage of 200 kV),
the operation was carried out with an accelerating voltage of 80
kV, in order to obtain discernible images. Elemental analysis was
performed using energy-dispersive X-ray spectroscopy on the FEI
Tecnai G2 F20 U-TWIN. XRD measurements were performed on
a PANalytical X' Pert PRO instrument with Cu Ko radiation.
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