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The design and preparation of molecular hydrogels has
attracted increasing attention because of their intrinsic
scientific interest and technological applications. Elegant
hydrogels were reported to lead to new polymeric systems
with remarkable properties.[1] Supramolecular gels, in partic-
ular, which are held together by noncovalent bonds and
showing responses to external stimuli, have the potential to
act as biodegradable materials in drug-delivery systems and
chemical sensors.[2] Supramolecular gels form from the self-
assembly of subunits and lead to the formation of a three-
dimensional network of intertwined, elongated fibrils that
immobilize the solvent molecules on the macroscopic scale. It
is well known that cyclodextrins (CDs) incorporate various
guest compounds into their cavities through hydrophobic
interactions to form inclusion complexes in aqueous media.
We have reported many kinds of supramolecular polymers
from modified CDs.[3] Furthermore, CD units can congregate
together through hydrogen-bonding interactions, as a conse-
quence of the abundant number of OH groups on the CD
ring. Many research groups have reported that the mixture of
CDs with polymers resulted in the formation of supramolec-
ular gels.[4] Biodegradable gels without a polymeric backbone
seem more advantageous and more applicable to biological
applications and environmental protection. To our knowl-
edge, there is no report about gel formation from modified
CDs in aqueous solutions in the absence of polymers.[5]

Herein, we report for the formation of a supramolecular gel
from aqueous solutions of modified CDs.

Previously, we reported the formation of a supramolecular
oligomer from 6-aminocinnamoyl-b-CD derivative 1
(Scheme 1).[6] Compound 1 forms crystals from a super-
saturated solution. The X-ray structure shows that 1 forms
intermolecular complexes in a tail-to-tail fashion and so the
dimer stacks tightly through the formation of intermolecular hydrogen bonds to form a head-to-head channel-type struc-

ture.[7] Therefore, much attention has been paid to the
modification of 1 to avoid formation of the dimer.[3b,6c]

In the current study, a trinitrophenyl group was directly
linked to 1 to give [N-(2,4,6-trinitrophenyl)-6-amino-trans-
cinnamoyl]-b-CD (2 ; Scheme 1). The 2D ROESY NMR
spectrum (Figure 1) shows the rotational NOE (ROE)
interactions between the inner protons of the CD and both
protons of 2,4,6-trinitrophenyl (TNB) as well as the cinnamic
protons, thus indicating that these units are included in the
CD cavities, and that the trinitrophenyl group, a traditional
stopper for a-CDs, acts as a good guest for b-CD. The
observed C(1)H protons are widely dispersed in the range
from d= 4.8 to 5.5 ppm, which is due to the reduction of the
sevenfold symmetry of the modified CD after inclusion of the
substituent at the 6-position of the b-CD in the other CD
cavity.[8] Protons a and b in the cinnamoyl moiety show strong

Scheme 1. Compounds 1–5 and the synthesis of 2.
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correlations with the C(3)H and C(5)H protons of the b-CD,
respectively. Furthermore, the protons of the 2,4,6-trinitro-
phenyl ring show correlations with the C(5)H and C(6)H
protons of the b-CD, which is indicative of the formation of
the tail-to-head structure instead of a tail-to-tail structure.
The model compounds sodium 6-aminocinnamoyl acid (4)
and N-(2,4,6-trinitrophenyl)-6-aminocinnamoyl salt (5) were
also synthesized (Scheme 1). It was found by Job<s plots that
1:1 inclusion complexes were formed between the b-CD and 4
and 5. Furthermore, the Benesi–Hildebrand plots show that
the affinity of b-CD for 4 is markedly enhanced: over four
times greater than that for 5 (see the Supporting Informa-

tion). Vapor pressure osmometry (VPO) measurements of 2
indicate that the molecular weight is about 16000 at 5 mm in
aqueous solutions, as evident from the high affinity—about 13
times that of the monomer (Figure 2). These results imply that
the modified b-CD formed supramolecular fibrils as the initial
step of supramolecular gelation.

The novel modified-CD supramolecules 2 were prepared
in aqueous solutions at 70 8C followed by cooling down to
room temperature. When the concentration was changed
from 5 mm to 10 mm, the clear solution became a mixture of
gel and solution (Figure 3). Increasing the concentration of 2
to 20 mm, a russet-colored hydrogel was formed with a phase
transition temperature of approximately 50 8C; the critical gel
concentration was calculated to be 2.9 wt%.

In contrast, [N-(2,4,6-trinitrophenyl)-6-aminohydrocinna-
moyl]-b-CD (3) forms a precipitate when the super-saturated
solution is cooled down (see the Supporting Information). In
our previous studies it was found that modified CDs with
flexible hydrocinnamic groups formed self-inclusion com-
plexes in water, while the rigid cinnamic group inhibited
formation of the intramolecular complex.[5a,9] These findings
are also supported by comparing the circular dichroism
spectra of 2 and that of 3 in the presence of b-CD in water (see
the Supporting Information).

The morphology of 2 was investigated by optical micros-
copy (see the Supporting Information) and atom force

Figure 1. 2D ROESY 1H NMR spectra of 2 (5 mm, D2O, 30 8C). The
correlations of the protons of the CD with the protons of cinnamoyl
moiety (a), and the protons of CD with the protons of the TNB group
(b).

Figure 2. Effect of the concentration on the molecular weight of 2 (a)
and a-CD (b) as observed by VPO measurements at 40 8C.

Figure 3. Concentration-dependence of the supramolecular gel at 25 8C
a) 5 mm, b) 10 mm, and c) 20 mm.
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microscopy (AFM). The optical micrograph is characteristic
of supramolecular fibrils. The AFM image is typical for a
small organic molecular gel: all the fibrils cross-link each
other to form a three-dimensional network (Figure 4). The

hydrogen bonds between the neighboring fibrils are proposed
to act as physical cross-linkers, and arise from the abundant
OH groups on the CD ring. Therefore, the proposed
mechanism for the supramolecular gelation is: firstly, supra-
molecular fibrils of the modified CD are formed by self-
assembly through host–guest interactions, and then the
formation of hydrogen bonds between the CDs results in
cross-linking of the fibrils and leads to formation of the
hydrogel.

Gel-to-sol transitions occurred on the addition of two
equivalents of 1-adamantane carbonyl acid (AdCA) and 2m
urea as a strong guest compound and a denaturing reagent,
respectively. The chemical-responsive properties of 2 were
monitored by 1H NMR and induced circular dichroism (ICD)
spectroscopy (Figure 5). The observed ICD band in the 220–
350 nm region of the spectrum is assigned to the circular
dichroism band induced by the inclusion of the guest in the b-
CD. The partial 1H NMR spectrum of 2 in the presence of
AdCA reveals that the proton signals of the guest are shifted
downfield. The dispersed signals of the C(1)H protons are
shifted to around d= 5.1 ppm. Furthermore, the ICD spec-
trum of 2 with AdCA shows that the ICD bands around
233 nm, 259 nm, and 313 nm are significantly weakened, and
positive-to-negative changes occur around 282 nm and
353 nm. These changes suggest that the guest moieties were
ejected from the CD cavities by AdCA which breaks the
supramolecular polymers. Treatment of the hydrogel 2 with
2m urea resulted in no or slight changes of the characteristic
signals in both the 1H NMR and ICD spectra, thus implying
that urea acts as a denaturing agent, which only breaks the
hydrogen bonds between the CDs. Addition of b-CD resulted
in the formation of a precipitate instead of a hydrogel. The

1H NMR spectrum of 2 shows no change. However, the ICD
bands at 220–250 and 295–340 nm decrease significantly with
increasing b-CD concentrations (see the Supporting Infor-
mation). Therefore, the destroyed hydrogel in the presence of
b-CD should be ascribed to the complex formation of the
native b-CD with compound 2, which acts as a competitive
host and shortens the length of the fibrils. All of the chemical-
responsive experiments are in agreement and confirm the
proposed mechanism.

In conclusion, a novel supramolecular hydrogel has been
synthesized from a guest-modified cyclodextrin without a
polymer backbone. The modified b-CD forms supramolecular
fibrils through host–guest interactions, and then the formation
of hydrogen bonds between the CDs results in cross-linking of
the fibrils to give a hydrogel. Gel-to-sol transitions can be
effected by adding a competitive guest or urea as a denaturing
reagent. Thus, this system has potential applications in
biomedical and material science.

Experimental Section
Materials: b-CD, sodium hydroxide (NaOH), and p-toluenesulfonyl
chloride were obtained from Nacalai Tesque, Inc. 4-Aminocinnamic
acid, 4-aminohydrocinnamic acid, sodium, 2,4,6-trinitrobenzene-1-
sulfonate dehydrate (TNBS), and 1-adamantane carbonyl acid
(AdCA) were obtained from Tokyo Chemical Industry, Co., Ltd.
[D6]DMSO and D2O were purchased from Aldrich.

Measurements: The 1H NMR spectra were recorded on a
400 MHz Joel Jnm Ex-270 spectrometer at 30 8C. Chemical shifts
were referenced to the external standard in the solvent. 2D NMR
(mixing time for the modified CDs and 1:1 complexes are 600 and
200 ms respectively) measurements were obtained at 400 MHz on a
Varian Unity plus NMR spectrometer. FTIR measurements were
performed on a Jasco FT/IR-410 spectrometer. KBr was used as the
dispersant. Elemental analyses were recorded on an Elementar Vario
EL-III instrument. The circular dichroism spectra and UV spectra
were recorded on a Jasco J820 spectrometer in water with a 0.1-cm
cell at room temperature. Positive-ionmatrix assisted laser desorption
ionization time of flight (MALDI-TOF) mass spectrometry experi-

Figure 4. AFM image of 2 obtained from a 2 mm aqueous solution of
2 on a mica substrate.

Figure 5. Circular dichroism spectra of 1 mm 2 (black line), in the
presence of 2m urea (green line), and in the presence of an excess of
AdCA (blue line). The inset shows the gel-to-sol transition upon
addition of a) 40 mm AdCA and b) 2m urea to a 20 mm solution of 2.
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ments were performed on a Shimadzu/Kratos Axima CFR V2.2.1
mass spectrometer. Vapor pressure osmometry measurements were
recorded on a Knauer No. A0280 vapor osmometer at 40 8C. Aqueous
NaCl solution and a-CD were used as the instrument standards.

Synthesis of 2 : AdCA (35.2 mg, 0.195 mmol) was added to a
suspension of 1 (83.2 mg, 0.648 mmol) in H2O (30 mL). After the
mixture had been stirred for 12 h at room temperature, the suspension
gradually became clear, and the precipitate was removed by filtration.
Then, TNBS (39.0 mg, 0.111 mmol) was added, and the mixture
stirred for one day. The obtained orange transparent solution was
poured into acetone. The precipitate was isolated by filtration,
washed with acetone, and dried under vacuum. Yield: 62%. Positive
ion MALDI-TOF MS: m/z : 1515.1 [M+Na]+ (calcd: 1514); IR: ñ=
3380, 2928, 1636, 1514, 1345, 1031 cm�1; 1H NMR (400 MHz,
[D6]DMSO): d= 10.22 (s, 1H, NH), 8.81 (br s, 2H, TNB), 7.61 (m,
3H, phenyl and CH=C), 7.05 (br s, 2H, phenyl), 6.59 (d, J= 16.1 Hz,
2H, CH=C), 5.77–5.64 (m, 14H, O(2)H and O(3)H of b-CD), 4.90–
4.83 (m, 7H, C(1)H of b-CD), 4.50–4.25 (m, O(6)H and C(6’)H of b-
CD), 3.92–3.16 ppm (m, overlaps with HOD); 13C NMR (400 MHz,
[D6]DMSO): d= 166.0 (CO), 139.8, 139.6, 129.4, 129.35, 126.61,
126.56, 126.54 (CAr), 101.9 (C(1) of b-CD), 81.6 (C(4) of b-CD), 73.0
(C(3) of b-CD), 72.4 (C(2) of b-CD), 72.0 (C(5) of b-CD), 59.9 (C(6)
of b-CD), 58.7 ppm (C(6’) of b-CD); elemental analysis calcd (%) for
C57H78O42N4·9.5H2O: C 41.18, H 5.88, N 3.37; found: C 42.01, H 5.88,
N 3.31.

Synthesis of 3 : TNBS (80.0 mg, 0.222 mmol) was added to a
suspension of 6-AmHyCiO-b-CD (166 mg, 0.13 mmol) in H2O
(10 mL). The mixture was stirred for one day and the suspension
gradually became clear. The solution was concentrated to 5 mL, and
poured into acetone (50 mL). The resulting precipitate was washed 3
times with acetone, and dried under vacuum to give the crude
product. Yield: 65%. Positive ion MALDI-TOF MS: m/z : 1518.6
[M+Na]+ (calcd: 1516); IR: ñ= 3375, 2931, 1719, 1621, 1339,
1029 cm�1; 1H NMR (400 MHz, [D6]DMSO): d= 10.16 (br s, 1H,
CONH), 8.83 (br s, 2H, TNB), 7.16 (d, J= 7.8 Hz, 2H, phenyl), 6.98
(br s, 2H, phenyl), 5.77–5.64 (m, 14H, O(2)H and O(3)H of b-CD),
4.85–4.82 (m, 7H, C(1)H of b-CD), 4.44–4.28 (m, O(6)H and C(6’)H
of b-CD), 3.84–3.16 (m, overlaps with HOD), 2.82 (t, J= 7.3 Hz, 2H,
CH2), 2.63 ppm (m, 2H, CH2);

13C NMR (400 MHz; [D6]DMSO): d=
171.8 (CO), 140.3, 138.7, 135.0, 129.2, 128.9, 127.6, 126.8, 121.1 (Ar),
101.9 (C(1) of b-CD), 81.6 (C(4) of b-CD), 73.0 (C(3) of b-CD), 72.4
(C(2) of b-CD), 72.0 (C(5) of b-CD), 59.9 (C(6) of b-CD), 57.2 (C(6’)
of b-CD), 34.6 (C of CH2), 29.6 ppm (CH2); elemental analysis calcd
(%) for C57H80O42N4·7.5H2O: C 42.04, H 5.88, N 3.44; found: C 42.10,
H 5.83, N 3.39.

Received: March 3, 2007
Published online: May 25, 2007

.Keywords: cyclodextrins · host–guest systems · hydrogels ·
self-assembly · supramolecular chemistry

[1] a) P. Terech, R. G. Weiss, Chem. Rev. 1997, 97, 3133 – 3160;
b) D. J. Abdallah, R. G. Weiss, Adv. Mater. 2000, 12, 1237 – 1247;
c) J. van Esch, B. L. Feringa, Angew. Chem. 2000, 112, 2351 –
2354; Angew. Chem. Int. Ed. 2000, 39, 2263 – 2354; d) L. A.
Estroff, A. D. Hamilton, Chem. Rev. 2003, 103, 1201 – 1217;
e) A. R. Hirst, D. K. Smith, Chem. Eur. J. 2005, 11, 5496 – 5508;
f) N. M. Sangeetha, U. Maitra, Chem. Soc. Rev. 2005, 34, 821 –
836; g) M. George, R. G. Weiss, Acc. Chem. Res. 2006, 39, 489 –
497.

[2] a) S. Kiyonaka, K. Sugiyasu, S. Shinkai, I. Hamachi, J. Am. Chem.
Soc. 2002, 124, 10954 – 10955; b) N. Murthy, Y. X. Thng, S.
Schuck, M. C. Xu, J. M. Frechet, J. Am. Chem. Soc. 2002, 124,
12398 – 12399; c) R. Karinaga, Y. Jeong, S. Shinkai, K. Kaneko,
K. Sakurai, Langmuir 2005, 21, 9398 – 9401; d) N. M. Sangeetha,
U. Maitra, Chem. Soc. Rev. 2005, 34, 821 – 836; e) K. J. C.
van Bommel, M. C.A Stuart, B. L. Feringa, J. H. van Esch, Org.
Biomol. Chem. 2005, 3, 2917 – 2920; f) J. F. Miravet, B. Escuder,
Chem. Commun. 2005, 5796 – 5798; g) P. Mukhopadhyay, Y.
Iwashita, M. Shirakawa, S. Kawano, N. Fujita, S. Shinkai,
Angew. Chem. 2006, 118, 1622 – 1625; Angew. Chem. Int. Ed.
2006, 45, 1592 – 1595; h) W.-G. Wei, J. B. Beck, A. M. Jamieson,
S. J. Rowan, J. Am. Chem. Soc. 2006, 128, 11663 – 11672; i) B.
Escuder, M. Llusar, J. F. Miravet, J. Org. Chem. 2006, 71, 7747 –
7752; j) Q.-G. Wang, Z.-M. Yang, L. Wang, M.-L. Ma, B. Xu,
Chem. Commun. 2007, 1032 – 1034.

[3] a) M. Miyauchi, Y. Takashima, H. Yamaguchi, A. Harada, J. Am.
Chem. Soc. 2005, 127, 2984 – 2989; b) M.Miyauchi, T. Hoshino, H.
Yamaguchi, S. Kamitori, A. Harada, J. Am. Chem. Soc. 2005, 127,
2034 – 2035; c) K. Ohga, Y. Takashima, H. Takahashi, Y. Kawa-
guchi, H. Yamaguchi, A. Harada, Macromolecules 2005, 38,
5897 – 5904; d) Y. Liu, A. H. Flood, J. F. Stoddart, J. Am. Chem.
Soc. 2004, 126, 9150 – 9151; e) Y. Liu, A. H. Flood, R. M.
Moskowitz, J. F. Stoddart, Chem. Eur. J. 2005, 11, 369 – 385;
f) K. Hiratani, M. Kaneyama, Y. Nagawa, E. Koyama, M.
Kanesato, J. Am. Chem. Soc. 2004, 126, 13568 – 13569; g) J. W.
Park, S. Y. Lee, H. J. Song, K. K. Park, J. Org. Chem. 2005, 70,
9505 – 9513.

[4] a) C. A. Dreiss, T. Cosgrove, F. N. Newby, E. Sabadini, Langmuir
2004, 20, 9124 – 9129; b) H.-L. Wei, A.-Y Zhang, L.-J Qian, H.-Q.
Yu, D.-D. Hou, R.-X. Qiu, Z.-G. Feng, J. Polym. Sci. Part A 2005,
43, 2941 – 2949; c) S. Samitsu, J. Araki, T. Kataoka, K. Ito, J.
Polym. Sci. Part B 2006, 44, 1985 – 1994; d) S.-P. Zhao, L.-M.
Zhang, D.-J. Ma, J. Phys. Chem. B 2006, 110, 12225 – 12229; e) I.
Tomatsu, A. Hashidzume, A. Harada, Macromolecules 2005, 38,
5223 – 5227; f) I. Tomatsu, A. Hashizume, A. Harada,Macromol.
Rapid Commun. 2005, 26, 825 – 829; g) I. Tomatsu, A. Hashizume,
A. Harada, Macromolecules 2005, 38, 5223 – 5227; h) I. Tomatsu,
A. Hashizume, A. Harada,Macromol. Rapid Commun. 2006, 27,
238 – 241.

[5] a) I. Hwang, W. S. Jeon, H. J. Kim, D. Kim, H. Kim, N.
Selvapalam, N. Fujita, S. Shinkai, K. Kim, Angew. Chem. 2007,
119, 214 – 217; Angew. Chem. Int. Ed. 2007, 46, 210 – 213; b) C.
de Rango, P. Charpin, J. Navaza, N. Keller, I. Nicolis, F. Villain,
A. W. Coleman, J. Am. Chem. Soc. 1992, 114, 5475 – 5476.

[6] a) A. Harada, Y. Kawaguchi, T. Hoshino, J. Inclusion Phenom.
2001, 41, 115 – 121; b) T. Hoshino, M. Miyauchi, Y. Kawaguchi, H.
Yamaguchi, A. Harada, J. Am. Chem. Soc. 2000, 122, 9876 – 9877;
c) M. Miyauchi, A. Harada, J. Am. Chem. Soc. 2004, 126, 11418 –
11419.

[7] a) For the crystal structure of the cinnamic acid–b-CD complex,
see A. Kokkinou, S. Makedonopoulou, D. Mentzafos, Carbohydr.
Res. 2000, 328, 135 – 140; b) for the crystal structure of the ethyl
cinnamate–b-CD complex, see M. B. Hursthouse, C. Z. Smith, M.
Thornton-Pett, J. H. P. Utley, J. Chem. Soc. Chem. Commun.
1982, 881 – 882.

[8] a) A. Harada, M. Miyauchi, T. Hoshino, J. Polym. Sci. Part A
2003, 41, 3519 – 3523; b) W. Deng, T. Onji, H. Yamaguchi, N.
Ikeda, A. Harada, Chem. Commun. 2006, 4212 – 4214.

[9] a) K. Hamasaki, H. Ikeda, A. Nakamura, A. Ueno, F. Toda, I.
Suzuki, T. Osa, J. Am. Chem. Soc. 1993, 115, 5035 – 5040; b) H.
Ikeda, M. Nakanura, N. Ise, F. Toda, A. Ueno, J. Org. Chem. 1997,
62, 11 – 17.

Angewandte
Chemie

5147Angew. Chem. Int. Ed. 2007, 46, 5144 –5147 � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org

