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It is well-known that porphyrins and phthalocyanines tend to

however, thaBTEOS-Cu retains the gelation ability for benzene,

align into one-dimensional aggregates and, therefore, are of muchp-xylene, and anisole, where8SEOS can gelatinize only benzene.

concern in relation to the creation of novel supramolecular

Furthermore, the critical gelation concentration 3diEOS-Cu is

architectures, such as nanowires, discotic liquid crystals, helical lower by about 2 orders of magnitude than that ®FEOS,

ribbon structures, ete:® The major driving forces operating in these
architectures are considered to fsesr stacking and/or van der

reflecting the strong stacking property of the porphy@a(ll)
complex. To further characterize these gels, we mainly used benzene

Waals interactions. It is possible to fabricate these one-dimensionalfor 3 and3TEOS and anisole foB8-Cu and3TEOS:Cu.

aggregates by inorganic materials, utilizing electrostatic and/or

hydrogen-bonding interactions, to produce novel fibrous organic
inorganic hybrid materialé’-° More recently, we found that the
hydrogen bond forming groups introduced into the peripheral
positions also play an important role in the determination of the
final aggregation mod¥:11Through these studies, we learned that

the aggregation mode of porphyrin rings can be tuned not only in
a one-dimensional fashion but also in a two-dimensional fashion

by programing the structure of these groups; for exantptends

to assemble into a one-dimensional aggregate, wh&réasds to
assemble into a two-dimensional aggredat@lt thus occurred to
us that the fabrication by sebel polycondensation of covalently
linked triethoxysilyl groups would be useful to immobilize these

different porphyrin-based superstructures and would eventually

provide reinforced “porphyrin wire” and “porphyrin sheet” archi-
tectures, respectively. We previously showed tBa@nd 3STEOS

Sol—gel polycondensation 08TEOS:Cu + anisole gel was
carried out according to our previous method, and the obtained
xerogel was subjected to spectral analySeghe FT-IR spectrum
(KBr) showed that the 1101 and 1071 chpeaks assignable to
the SiOEt groups disappear, while a broad 1040-émeak
assignable to the SIO—Si group newly appears, indicating that
sol—gel polycondensation proceeds successfully. The peaks as-
signable to the urea groups (1568 and 1633 gnare scarcely
changed before and after s@el polycondensation, indicating that
the original hydrogen-bonding network is still retained (Figure S4).

The UV—vis absorption spectrum of a benzene solutiorBof
(1.4 x 107 M) gave the Soret band at 422.5 nm. In the benzene
gel phase @] = 11.4 mM), it shifted to longer wavelength (428.0
nm), indicating that it assembles into a J-aggregate in the gel phase.
On the other hand, an anisole solution®€u (2.0 x 1075 M)

assemble into a two-dimensional sheetlike structure in their gel gave the Soret band at 421.0 nm. In the anisole gel phase (2.8 mM),

phases, and therein, the porphyrin nuclei adopt a J-aggregation

mode?!® This two-dimensional structure was readily immobilized
by sol-gel polycondensation of the peripheral triethoxysilyl
groups? In this work, we introduced a few kinds of metal ions
into the porphyrin nuclei to seek a variety of new stacking modes
and gelation properties. We have found that in the Cu(ll) complex
the morphology is transformed to the one-dimensional fibrous
structure, which can be immobilized by saglel polycondensatiotfde

We report here our very interesting findings that the resultant
porphyrin-based hybrid gel gains a very high thermal stability unlike
low molecular weight gel and behaves as a novel “elastic” gel.
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The gelation properties &and its derivatives have been tested
for 20 different solvents by the “stable-to-inversion of a test tube”
method (Table S1). We found thaiand its Cu(ll) complex3-Cu)

it shifted to shorter wavelength (402.5 nm), indicating that it
assembles into an H-aggregate in the gel phase. As expected, the
Soret band for th@TEOS-Cu + anisole gel also appeared in the
shorter wavelength region (402.5 nm) than that in the anisole
solution (421.0 nm). Interestingly, the Soret band after-gell
polycondensation 3TEOS-Cu was observed at 406.5 nm, which

is comparable to that of the gel phase. These results consistently
support the view that introduction of Cu(ll) facilitates the H-
aggregation mode of porphyrin rings, which can be immobilized
by in situ sot-gel polycondensation of the peripheral triethoxysilyl
groups (Figures S5S7).

This view was further confirmed by SEM observations. As shown
in Figure la-c, both 3-Cu and 3STEOS-Cu construct the one-
dimensional fibrous structure, and it is maintained even after sol
gel polycondensation. When seajel polycondensation &TEOS:

Cu was carried out in the solution phase, this characteristic
superstructure could not be obtained at all. This difference indicates
that the preorganization of porphyrin rings in the gel phase followed
by sol-gel polycondensation is a convenient but indispensable
process for immobilization of the organic superstructure. The better
visual images ofSTEOS-Cu before and after selgel polycon-
densation are obtained from TEM observation (Figuref)dThe

act as good gelators which can gelatinize 11 solvents, whereas itsfibers show the very uniform diameter of 202 nm and have the

Zn(Il) complex @-Zn) gelatinizes only two solvents. Introduction
of triethoxysilyl groups generally enhances the solubility of gelators
and frequently takes away the gelation ability. We confirmed,
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length reaching 15um. As seen from Figure le, this fibrous
structure is scarcely varied even after-sgél polycondensation.
Further magnification of one fiber shows the presence of a stripe

10.1021/ja050563g CCC: $30.25 © 2005 American Chemical Society
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Figure 1. SEM (a—c) and TEM (d-f) images of xerogels prepared from
the anisole gel 08-Cu (a) and3TEOS-Cu (b—f); (b), (d) before sot-gel
polycondensation and (c), (e), and (f) after-sgél polycondensation3f
Cu] = 5.0 g dn13 (2.8 mM), BTEOS:Cu] = 5.0 g dn13 (2.6 mM), and

[HCI] = 0.2 equiv for3TEOS-Cu.
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Figure 2. (A) Plots of Tgel versus concentration & Cu (a) and3TEOS:

Cu (b) before and (c) after selgel polycondensation in anisole. (B)
Photographs of th8TEOS-Cu + anisole gel (i) before selgel polycon-
densation, (ii) which collapses only by putting it on a glass plate, (iii) after
sol—gel polycondensation, (iv) a glass plate and 10 yen coins are put on it.

structure (Figure 1f), indicating that it is a bundle of one-
dimensional porphyrin aggregates.

This view is also supported by XRD data of the xerogel (Figures
S8). The main XRD peaks for ttf22Cu + anisole gel appeared at
260 = 20.6 (d = 0.43 nm) and 35(d = 2.5 nm). As the
intramolecular urea-to-urea distance3hCu is estimated to be 2.7
nm, thed = 2.5 nm should stem from the H-aggregated porphyrin
column. Thed = 0.43 nm is assigned to the intermolecular urea-
to-urea distance. The similar peaks are also observed for the
3TEOS-Cu + benzene gel before seel polycondensation [at
20 = 20.8 (d = 0.43 nm) and 3.7(d = 2.4 nm)], indicating that
3TEOS-Cu also assembles into a one-dimensional column similar
to 3-Cu. After sol—gel polycondensation, these peaks became so
broad that thed values could not be determined precisely.

It is known that the gel stability is sometimes enhanced by post-
modification such as polymerization, cross-linking, ¥to assess
the influence of in situ setgel polycondensation on the gel stability,
we measuredye values for the anisole gels 8tCu and3TEOS:

Cu (Figure 2A). TheTge values for3-:Cu and3TEOS:Cu increased
with increasing gelator concentration, which is a general trend
observed for low molecular weight gelatdPsThe Tge values for
3-Cu are somewhat higher than those R®FEOS-Cu, which is
attributed to the enhanced solubility 8T EOS-Cu by introduction

of the triethoxysilyl groups. Very interestingl{he Tye values for
3TEOSCu after sol-gel polycondensation are enhanced up to 160
°C and independent upon the concentration. At 160the solvent
either oozed out or volatilized. The findings clearly support the
view that to improve the gel stability by post-modification, the
maintenance of the original molecular network constructed in the
gel phase is very essential.

Surprisingly, the gelatinous mass obtained frl@fitOS-Cu after
sol—gel polycondensation showed the sufficient “elasticity”. To

assess its elasticity, the oscillatory shear measurement was carried
out using a stress-controlled rheometer with a parallel plate-type
geometry as a function of angular frequency from 100 to 0.1 rad
s 1at 25°C (Figure S9). The storage modulGsfor the STEOS

Cu + anisole gel before seigel polycondensation (25 Pa) became
larger by 14 times after selgel polycondensation (350 Pa),
indicating that the setgel process enhances the elasticity of the
3TEOS-Cu + anisole gel. Furthermore, the pictures in Figure 2B
demonstrate the improved elasticity of tREEOS-Cu + anisole

gel after sot-gel polycondensation.

In conclusion, we have demonstrated that a one-dimensional
molecular assembly created by an H-aggregated porpiGuii)
stack can be immobilized, without a morphological change, by sol
gel polycondensation of the peripheral triethoxysilyl groups. The
resultant gel prepared according to this flowchart has gained a very
high thermal stability as well as a unique mechanical strength. One
may regard, therefore, that this is a unique polymeric gel obtainable
by using the low molecular weight gel as a template.

Acknowledgment. This work was partially supported by Grant-
in-Aid for Scientific Research (S), (15105004) and the 21st Century
COE Program, “Functional Innovation of Molecular Informatics”
from the MEXT of Japan. We would like to thank Prof. Y.
Takahashi, Dr. A. Takada, and Mr. D. Tabata of Kyushu University
for oscillatory shear measurements.

Supporting Information Available: Synthesis!H NMR spectra,
and gelation properties &, 3-M, 3TEOS, and3TEOS‘M (M = Cu
and Zn); FT-IR and UV-vis absorption spectra, XRD diagrams, and
oscillatory shear measurement for the- benzene, th8-Cu + anisole,
and the3TEOS-Cu + anisole gels before and after s@el polycon-
densation. This material is available free of charge via the Internet at
http://pubs.acs.org.

References
(1) Engelkamp, H.; Middelbeek, S.; Nolte, R. J. Btiencel999 284, 785~
788

(2) Fuhrhop, J.-H.; Bindig, U.; Siggel, Ul. Am. Chem. Socl993 115
11036-11037.

(3) Patel, B. R.; Suslick, K. SI. Am. Chem. S0d.998 120, 11802-11803.

(4) Kimura, M.; Wada, K.; Ohta, K.; Hanabusa, K.; Shirai, H.; Kobayashi,
N. J. Am. Chem. So001, 123 2438-2439.

(5) Arimori, S.; Takeuchi, M.; Shinkai, S. Am. Chem. So4996 118 245-
246

(6) For comprehensive reviews for organogels, see: (a) van Bommel, K. J.
C.; Friggeri, A.; Shinkai, SAngew. Chem., Int. E@003 42, 980-999.
(b) Shimizu, T.Macromol. Rapid Commur2002 23, 311-331.
(7) Tanamura, Y.; Uchida, T.; Teramae, N.; Kikuchi, M.; Kusaba, K.; Onodera,
Y. Nano Lett 2001, 1, 387—390.
(8) Kawano, S.-i.; Tamaru, S.-i.; Takeuchi, M.; Fujita, N.; ShinkaiCBenm—
Eur. J.2004 10, 343-351.
(9) Jung, J. H.; Shinkai, S.; Shimizu, Them. Rec2003 3, 212-224.
(10) Luboradzki, R.; Gronwald, O.; Ikeda, M.; Shinkai, S.; Reinhoudt, D. N.
Tetrahedron200Q 56, 9595-9599.
(11) Tamaru, S.-i.; Uchino, S.-y.; Takeuchi, M.; Ikeda, M.; Hatano, T.; Shinkai,
S. Tetrahedron2002 43, 3751-3755.
(12) Shirakawa, M.; Kawano, S.-i.; Fujita, N.; Sada, K.; ShinkaiJ).SOrg.
Chem.2003 68, 5037-5044.
(13) Kishida, T.; Fujita, N.; Sada, K.; Shinkai, Shem. Lett2004 33, 1002~
1003

(14) The gel formation followed by polymerization of gelators has been reported
by several groups: (a) de Loos, B.; van Esch, J.; Stokroos, L.; Kellogg,
R. M.; Feringa, B. L.J. Am. Chem. Sod.997 119 12675-12676. (b)
Matsuda, M.; Hanada, T.; Yase, K.; Shimizu, NTacromolecules1998
31, 9403-9405. (c) Inoue, K.; Ono, Y.; Kanekiyo, K.; Kiyonaka, S.;
Hamachi, I.; Shinkai, SChem. Lett1999 225-226. (d) Moreau, J. J.
E.; Vellutini, L.; Man, M. W. C.; Bied, CChem—Eur. J.2003 9, 1594~
1599. (e) Barboiu, M.; Cerneaux, S.; van der Lee, A.; Vaughan].G.
Am. Chem. So004 126, 3545-3550.

(15) Murata, K.; Aoki, M.; Suzuki, T.; Harada, T.; Kawabata, H.; Komori, T.;
Ohseto, F.; Ueda, K.; Shinkai, SI. Am. Chem. Socl1994 116
6664-6676.

JA050563G

J. AM. CHEM. SOC. = VOL. 127, NO. 20, 2005 7299



