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In sodium tetradecylsulfate micelles, a charge-transfer (CT)
complex of amphiphilic [5]thiaheterohelicene with a chiral tetra-
nitrofluorenone derivative induced intense circular dichroism
(CD) absorption. The CD intensity decreased by up to about
one fourth with a temperature decrease from 40 to 17 �C, and this
temperature dependence was completely reversible.

The intensity of circular dichroism (CD) stemming from the
chirality of substances may be considered as a measure of the de-
gree of order in systems.1 The higher the degree of order, the
more intense the CD absorption. Thus, CD intensity increases
with decreasing temperature and decreases with increasing tem-
perature. This trend has been distinctly observed for macromole-
cules, such as peptides,2 proteins,3 and oligonucleotides,4 and for
supramolecular aggregates.5 In this paper, we describe that the
intensity of an induced CD of a charge-transfer (CT) complex
embedded in micelles inversely correlates with temperature.

Previously, we reported an effective probe that can recog-
nize chirality of chiral environments such as micelles6 and bilay-
ered membranes.7 The compounds 18 and 2, which function as
probes, are in rapid equilibrium between left-handed (M) and
right-handed (P) enantiomers in solution, owing to a weak repul-
sion between hydrogen atoms of terminal rings. The equilibrium,
however, shifts to either the M or P side when the probes are
placed in chiral surroundings, thereby inducing CD absorption.
1, possessing an electron-donating ability, forms a 1:1 CT
complex with 2-(2,4,5,7-tetranitrofluoren-9-ylideneaminooxy)-
propionic acid (TAPA) capable of withdrawing an electron
cloud.9 In a micellar solution, 2 undergoes CT and chiroptical in-
teractions with (R)-TAPA, thereby inducing CD absorption.
Herein, we investigated the CD absorption intensity of the am-
phiphilic suberic acid monoester 3, which is expected to enhance
the alignment of 3 with micellar molecules through van der
Waals interaction and hydrogen bonding (Scheme 1).

As soon as 3 and (R)-TAPA were incorporated into sodium
tetradecylsulfate (STS) micelles, their mixture became transpar-
ent with the red color of the CT complex and gradually, CD ab-
sorptions were induced. When the micellar solution was left to
stand at 40 �C for approximately 4 h, the intensity of the absorp-

tion became steady with positive Cotton effects at approximately
337 nm due to the fixation of the helical moiety of 3 to a P enan-
tiomer.10 This micellar solution was stable at 40 �C for at least
one day. However, with a gradual decrease in temperature, the
CD absorption intensity of the solution decreased abruptly,
whereas the UV absorptions were almost unchanged. The CD in-
tensity at 337 nm declined by up to about one-fourth with a tem-
perature decrease from 40 to 17 �C (Figure 1A). The temperature
dependence of CD intensity was indicated by an S-shaped curve
with an inflection point at about 27 �C (Figure 1B). This suggests
that there are two stable states: a strong CD absorption at a high
temperature of approximately 40 �C and a weak CD absorption
at a low temperature of approximately 17 �C. Below 15 �C, the
micellar solution became turbid, and above 42 �C, CD intensity
gradually decreased due to the increasing instability of micelles
because of the faster motion of the molecules.

Furthermore, CD intensity was restored by an increase in
temperature from 17 to 40 �C, revealing that both states are re-
versible and are equilibrated with each other. Then, CD intensity
at 337 nm was measured at alternating temperatures of 40 and
17 �C. The reversibility of CD intensity at both temperatures
was completely maintained for at least several cycles and the dif-
ference (�½��) in molecular ellipticity attained was large at ap-
proximately 134,000 deg cm2 dmol�1 (Figure 2). The induced
CD, caused by the equilibrium displacement between the M

and P enantiomers of 3, decreased with increasing temperature
owing to the increase in helix inversion rate. The trend of tem-
perature dependence in Figure 2 is clearly opposite to the trend
of this equilibrium displacement, thus suggesting another mech-
anism of this reversible change.

In the present micellar system, in which the mobility of the
molecule is fairly suppressed, two major interactions are consid-
ered to be responsible for this reversible change: CT interaction
and hydrogen bonding. The apparent extinction coefficient ("app)
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Figure 1. (A) Alterations of CD spectra of P enantiomer
complex. 41.5 �C (a), 33.3 �C (b), 24.9 �C (c), and 16.7 �C (d).
(B) Temperature dependence of CD (337 nm) and UV intensities
(335 nm). [3] = [(R)-TAPA] = 1:01� 10�4 M and [STS] ¼
2:5� 10�3 M.
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of the CT band observed at approximately 520 nm did not show a
monotonic decrease with increasing temperature (Figure 3). The
profile of the plots in Figure 3 implies the existence of two dif-
ferent states at temperatures higher or lower than approximately
27 �C, in accordance with the result of �½�� in Figure 1B. The
reversibility of this CT alteration was reproducible and is attrib-
utable to the difference between the relative locations of both 3
and (R)-TAPA in micelles. The composition of the CT complex
in micelles was 3/(R)-TAPA = 1/1, as determined using Job
plots for the intensities of the CT band.

The carboxyl groups of 3 and (R)-TAPA are presumed to be
linked by hydrogen bonds to the anionic moieties of the micellar
molecules. Thus, a methyl ester of (R)-TAPA was prepared and
adopted for this system to assess the effect of the hydrogen-bond
disappearance. The micellar solution of the methyl ester and 3
induced marked CD absorption with negative Cotton effects.
However, its CD intensity increased slightly with decreasing
temperature from 40 to 18 �C (Figure 4). These results indicate
that the hydrogen-bond largely contributed to the reversible
change shown in Figure 2.

From the results mentioned above, the reversible change in
CD intensity may be tentatively explained as follows: Below
27 �C, the strong hydrogen bonding of the carboxyl groups of
3 and (R)-TAPA to the STS ionic moieties separates the aromatic
rings of both compounds, due to the longer chain of 3 than that of
(R)-TAPA. This inevitably results in a separation between the
helical moiety of 3 and the asymmetric carbon of (R)-TAPA,
yielding a weaker chiroptical interaction and thus, a less intense
CD absorption. Above 27 �C, on the other hand, the hydrogen
bonds weaken and elongate, bringing the aromatic rings of both
compounds closer to each other, because of the CT interaction
between both aromatic ring moieties. This induces a close ap-
proach between both chiral centers, providing a stronger interac-
tion and a more intense CD absorption.

This unusual temperature effect was also observed for a
combination of (R)-TAPA and a monoester of sebacic acid (8
methylenes), although the [�] difference at 40 and 17 �C was
small (50,000 deg cm2 dmol�1). On the other hand, the combina-
tions of (R)-TAPA and monoesters of succinic (2 methylenes) or
adipic (4 methylenes) acid showed induced CD with negative
Cotton effects, and demonstrated no decrease in CD intensity
with decreasing temperature. Furthermore, the use of sodium do-
decylsulfate micelles instead of STS micelles also showed no
unusual effect on temperature variations. These findings suggest
that the suitable sizes of the molecules involved in the present
system are essential for the occurrence of this anomalous phe-
nomenon, which mimics biological reactions from the viewpoint
of molecular recognition between receptors and substrates.

References and Notes
1 H. G. Kuball, T. Hofer, in Circular Dichroism. Principles and

Applications, 2nd ed., ed. by N. Berova, K. Nakanishi, R. W.
Woody, Wiley-VCH, New York, 2000, pp. 139–145.

2 A. S. Ladokin, M. E. Selsted, S. H. White, Biochemistry 1999,
38, 12313; H. Ihara, T. Sakurai, T. Yamada, T. Hashimoto, M.
Takafuji, T. Sagawa, H. Hachisako, Langmuir 2002, 18, 7120.

3 T. Kazuoka, Y. Masuda, T. Oikawa, K. Soda, J. Biochem. 2003,
133, 51.

4 C. Gondeau, J. C. Maurizot, M. Durand, Nucleic Acids Res.
1998, 26, 4996; K. Ishiyama, G. E. Smyth, T. Ueda, Y.
Masutomi, T. Ohgi, J. Yano, J. Am. Chem. Soc. 2004, 126,
7476.

5 F. Brustolin, E. Goldoni, E. W. Meijer, N. A. J. M. Sommerdijk,
Macromolecules 2002, 35, 1054; V. V. Borovkov, J. M.
Lintuluoto, M. Fujiki, Y. Inoue, J. Am. Chem. Soc. 2000, 122,
4403; J. H. K. K. Hirschberg, L. Brunsveld, A. Ramzi, J. A.
J. M. Vekemans, R. P. Sijbesma, E. W. Meijer, Nature 2000,
121, 167.

6 H. Nakagawa, K. Gomi, K. Yamada, Chem. Pharm. Bull. 2001,
49, 49.

7 H. Nakagawa, M. Yoshida, Y. Kobori, K. Yamada, Chirality
2003, 15, 708.

8 IUPAC name: thieno[3,2-e:4,5-e0]bis(benzo[b]thiophene).
9 H. Nakagawa, K. Yamada, H. Kawazura, Chem. Commun.

1989, 1378.
10 The assignment to a P enantimer was performed by comparison

of the sign of Cotton effects of compound 2 incorporated into
BSA. K. Yamada, R. Ishii, H. Nakagawa, H. Kawazura, Chem.
Commun. 1994, 1521.

0

4

8

12

16

1 2 3 4 5 

[θ
] ×

 1
0-4

 / 
de

g 
cm

2  d
m

ol
-1

Cycle

40 °C  

17 °C  

Figure 2. Reversibility of CD intensities at 337 nm measured at
alternating 40:3� 0:2 and 17:2� 0:2 �C. Every measurement
was performed at 20min intervals.
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Figure 3. Temperature dependence of CT band intensities
of P enantiomer complex at approximately 520 nm. [3] =
[(R)-TAPA] = 1:01� 10�4 M and [STS] ¼ 2:5� 10�3 M.
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Figure 4. Temperature dependence of CD absorptions for the
CT complex between methyl ester of (R)-TAPA and compound
3 in STS micelles. Temperatures are 39.6, 36.8, 33.1, 29.5, 21.9,
and 18.2 �C. [3] = [methyl ester] = 1:01� 10�4 M, [STS] ¼
2:5� 10�3 M.
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