Competing Supramolecular Assembly of
Amphiphiles to Form Micelles or

Pseudorotaxanes

ORGANIC
LETTERS

2007
Vol. 9, No. 5
887—890

Yuji Suzaki, Toshiaki Taira, Daisuke Takeuchi, and Kohtaro Osakada*

Chemical Resources Laboratory R1-3, Tokyo Institute of Technology, 4259 Nagatsuta,

Midori-ku, Yokohama 226-8503, Japan

kosakada@res.titech.ac.jp

Received December 28, 2006

ABSTRACT

Heating of=
el — y 3 3
Cooling 920 & %

Micelles of an amphiphile that encapsulate the added dye in water can be released, upon addition of o-CD, to form pseudorotaxane. The
equilibrium between the micelles and the pseudorotaxanes and the absorption spectra of solution are controlled by temperature reversibly.

Organic compounds having an ionic group and long alkyl
chains, such as cetyltrimethylammonium bromide (CTAB),
decyltrimethylammonium bromide (DTAB), and sodium
n-dodecyl sulfate (SDS), function as amphiphiles and form
micelles in watet. The intermolecular interaction of the
hydrophobic groups of the molecules and the affinity of the
ionic group to water stabilize the aggregation. Changing such
nonbonding interactions, induced by an external stimulus,
enables control of the reversible formation and degradation

Scheme 1. Competitive Formation of Micelles and
Pseudorotaxanes of Amphiphilic Molecules

of micellest?> Consequently, amphiphiles with an alkyl group eSS
in an aqueous solution containingCD may aggregate to )
form micelles (Scheme 1A) or may form individual pseu- ®) @“’o =+ -
dorotaxanes witlu-CD (Scheme 1By ¢ There have been a
Pseudorotaxane

(1) Jones, M. N.; Chapman, Micelles, Monolayers, and Biomembranes
Wiley-Liss, Inc.: New York, 1995.

(2) Tanford, C.The Hydrophobic EffecWiley, Inc.: New York, 1973.

(3) (a) Schill, G.Catenanes, Rotaxanes, and Knodsademic Press:
New York, 1971. (bMolecular Catenanes, Rotaxanes and Kn8suvage,
J.-P., Dietrich-Buchecker, C., Eds.; Wiley-VCH, Weinheim, 1999.

(4) (a) Szejtli, JTopics in Inclusion Science: Cyclodextrin Technotogy
Kluwer Academic: Boston, 1988. (b) Stoddart, JGarbohydr. Res1989
192, xii. (c) Wenz, GAngew. Chem., Int. Ed. Engl994, 33, 803. (d)
Harada, A.Coord. Chem. Re 1996,148, 115. (e) Harada, ACarbohydr.
Polym.1997,34, 183. (f) Harada, AAcc. Chem. Re®001,34, 456.

(5) Nepogodiev, S. A.; Stoddart, J. Ehem. Re»1998,98, 1959.

(6) (&) Yamaguchi, I.; Osakada, K.; Yamamoto,JT.Am. Chem. Soc.
1996,118, 1811. (b) Yamaguchi, |.; Osakada, K.; YamamotoM&acro-
moleculesl 997,30, 4288. (c) Yamaguchi, |.; Takenaka, Y.; Osakada, K.;
Yamamoto, T.Macromolecules999,32, 2051.

10.1021/0l0631370 CCC: $37.00
Published on Web 02/02/2007

© 2007 American Chemical Society

limited number of studies of competing supramolecular
assembly reporteti® Merbach observed the transformation
of a perfluoroalkyl surfactant in micelle aggregation into its
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pseudorotaxane witl-CD by using special NMR tech-  complex at 62.0, 76.5, 83.5, and 104.8 ppm, whose positions
niques® On the other hand, Matsuo reported that amphiphic differ from those of the corresponding signalsse€D (63.1,
viologen derivatives [@HgN-N-(CH,):-4,4'-bpy-NPPr]t- 76.0, 83.9, 104.0 ppm). GrHtarbons of the axis molecule
(Br), (n=4,6, 8, 10, 12) form their pseudorotaxanes with are observed as broad signals at lower magnetic field posi-
CDs below critical micelle concentration (CMC, 1.2 mM tions than those df. The Job plot for formation of the inclu-
for n = 12)10 Here, we report the reversible conversion sion complex, obtained from theH NMR spectra data,
between micelles and pseudorotaxanes of cationic amphi-showed a maximum at a molar fraction close to 0.4 (Figure
philes in the presence @f-CD and control of the micelli-  3), suggesting that anda-CD form not only [2]pseudoro-
zation by changing temperature of the solution.

The amphiphilic compounds [4-8py-N-(CH):0CHs
3,5-R]"(CI") (R ="Bu (1) and OMe p)), which are prepared
by a reaction of 4,4bipyridine with CI(CH,);00CsHs-3,5- 4

R; (R = Bu, OMe)!* are soluble in water and in organic =
solvents such as dichloromethane, chloroform, and acetone =3 r N
(Figure 1). Pseudorotaxanesyf2, and CTAB witha-CD S )
s2 ¢
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Figure 1. Structure of the amphiphilic molecule. area ratios of bipyridinium protonslp + [a-CD]o = 10 mM.

are formed in situ in water and characterized by NMR taxane, [(a-CD)(1)], Scheme_ 2, bl_” also higher pseudoro-
spectroscopy. Dissolution ai-CD and amphiphilic com-  @xanes such asd¢CD)(1)] in which the secondx-CD

pounds leads to the appearance of ngWNMR signals,

which indicate the inclusion complex of the linear molecules _

with o-CD. Parts A-C of Figure 2 show thé&*C{*H} NMR Scheme 2. Complexation ofa-CD and1
e c® ‘Bu
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OCHzl lNCHz i A . ' Dissolution ofl and pyrene ([pyrenef 10 «M) in water
> “ - leads to the aggregation bto form micelles that encapsulate
100 80 80 40 20 & pyrene molecules in its core. Figure 4A shows absorption

. . spectra of solutions with different concentrations4f(from
Figure 2. *C{'H} NMR spectra of (A)o-CD, (B) a mixture ofl 5 x 10°5t0 2.5x 10-3 g mL~%). The absorbance at 338 nm
anda-CD ([1)o = 100 mM, [o-CD} = 300 mM), and (C)1 in does not change in the solution with][< 2.5 x 1074 g

D,O at room temperature (100 MHz). Sodium 3-(trimethylsilyl)- B . . .
1-propanesulfonate (DSS) was used as an external standardMb !, butincreases remarkably at concentrations lofgher

Peaks with an asterisk indicate the signals of the complex®D than 5x 10~* g mL™! caused by encapsulation of the dye
andl. within micelles. The CMC ofl. was determined to be 14

104 g mL! (0.26 mM) at 25°C on the basis of plots of
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Figure 4. (A) Absorption spectra of pyrene ardin aqueous
solutions with various concentrations bf(from 5 x 107 to 2.5

x 1073 g mL™1). (B) Plots of absorbance at 338 nm vs concentration

of 1.

absorbance at 338 nm versug (Figure 4B). The CMC of
2 was similarly determined to be 0.65 mM (26). Dynamic
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Figure 6. Five switching cycles of decreasing and increasing
absorbance of mixture df, a-CD, and pyrene at 338 nm between
25 and 60°C.

M~t at 25°C).2*15 Figure 6 shows the reversibility of the
change in the absorbance of a solutionoeCD, 1, and

light scattering measurement showed the hydrodynamic Pyrene at 338 nm induced by a temperature change between

radius of a micelle in an aqueous solutiof](F 18.6 mM)
to be 61+ 11 nm at 25°C. The addition ofo-CD to the
micellar solution ofl containing pyrene (] = 9.5 mM,
[0-CD] = 47.5 mM) at 25°C significantly decreased
absorption at 338 nm (Figure 5A, a,b).

(A)1.2 (B)1.5
(@)
12
© 08 | Q
§ § 09 [
£ @ © g
0 1723 06 -
< (b) <
0.3 -
0 J) L | 0
300 330 360 390 300 330 360 390

Wavelength/ nm Wavelength/ nm

Figure 5. (A) Absorption spectra of pyrene ([Pyrepe} 10 uM)
in the presence of ando-CD and ([1} = 9.5 mM, [o-CD]o =
47.5 mM) (B) of2 anda-CD ([2]o = 5.0 mM, [0-CD]p = 30 mM).
The spectra were obtained in the following order: (a) at@5(b)
after the addition oft-CD at 25°C, (c) after heating to 60C, (d)
after cooling to 25°C, and (e) after heating to 61C.

Heating the solution to 60C caused a partial restoration
of absorbance. These results indicate that the micellds of
are destructed by-CD and form a pseudorotaxane at 25
°C, and that they are converted back into micelles by heating.

25 and 60°C. Cycles of decreasing and increasing absor-
bance caused by the reversible formation and destruction of
micelles were observed at least five times without differences
in the change in absorbance. Scheme 3 shows a plausible

Scheme 3. Plausible Mechanism of Changes in Absorption
Spectrum of a Solution of Pyrene;CD, and Amphilic
Molecules at Various Temperatures
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mechanism that accounts for the changes in the absorption
spectrum. Amphiphile molecules form micelles via the
encapsulation of dye in water or pseudorotaxanes a#@D.
Since the latter complexation is highly entropy-dependent,

the pseudorotaxane formed tends to be destructed to free-
axis and macrocyclic molecules at a high temperéftifus,

the aggregation of amphiphile molecules, forming micelles,
is favored at 60°C. Although the stability of micelles may

Figure 5B shows the absorption spectrum of an aqueous
solution containing?, pyrene, andx-CD under conditions
similar to those of the solution containirlg pyrene, and
o-CD. The change in absorption caused by a temperature
change is much smaller than that shown in Figure 5A. A
mixture of CTAB, a-CD, and pyrene also exhibits slight
temperature-dependent change. The pseudorotaxaBesdf
CTAB with o-CD seem to be too stable to undergo
significant destruction by heating. CTAB andCD form a
pseudorotaxane with a high association constaptK110
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In summary, we presented supramolecular switching
between pseudorotaxanes and micelles by temperatur
alteration. This approach using the transformations of a
supramolecule switching system may provide a new means
of designing an artificial molecular device that responds to
a small temperature change. 0OL0631370

Supporting Information Available: Synthesis of com-
epounds andH NMR spectra of the mixtures df (or 2) and
o-CD. This material is available free of charge via the
Internet at http://pubs.acs.org.
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