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Induction of Optical Activity in an Oligothiophene Synchronized with
pH-Sensitive Folding of Amylose

Takanobu Sanji,* Nobu Kato, and Masato Tanaka**]

Abstract: Control of the helical sense
in a-sexithiophene (6T) through pH-re-
sponsive wrapping with left-handed-
helical amylose is demonstrated. A
change in pH of the medium caused a
significant conformational change in
amylose as the host polymer, which re-
sulted in either supramolecular com-

Furthermore, we observed that chirali-
ty reversal in 6T does not require hosts
of opposite helical chirality, but can be
made possible simply by taking advant-
age of the pH sensitivity of the amy-
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lose folding, which is dependent on the
pH history of the aqueous medium. In
helical amylose, 6T assumes a clock-
wise-twisted conformation when the
pH is changed from acidic to neutral,
but assumes an anticlockwise-twisted
conformation when the aqueous solu-
tion is acidified from very basic condi-

. . tures -
plexation with 6T as the guest molecule

to induce optical activity or decomplex-

. . . . chemistry
ation leading to loss of optical activity.

Introduction

The helical structure is one of the most significant motifs in
macromolecules. It can exist in either a right- or a left-
handed twist sense and displays optical activity. In nature,
helical structures are often found in biomacromolecules, and
appear to play a critical role in biological phenomena such
as molecular recognition and information storage, as exem-
plified by the double helix of DNA and the a-helices of pro-
teins.!!! Recent progress in the design and synthesis of opti-
cally active macro- and supramolecules has enabled the dis-
cussion of their roles in biological phenomena and the pro-
posal of potential applications in materials science, including
their use as chiral selectors in separation technology, as cata-
lysts and adsorbents, and especially as chiroptical materi-
als.”!

Among optically active polymeric materials,”! s-conjugat-
ed polymers and oligomers are of particular interest, in view
of their pronounced semiconducting and optoelectronic
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properties, as exemplified by the widely studied poly- and
oligothiophenes.!! For instance, a-sexithiophene (6T) and its
derivatives have been employed as the active layer in organ-
ic electronic devices.’ Some optically active polythiophenes
and oligothiophenes with chiral substituents were reported
to display optical activity in the m—m*-transition region de-
rived from main-chain chirality in circular-dichroism (CD)
measurements.*”]

In the design of new advanced materials, the control of
chirality in response to an external stimulus, such as temper-
ature, pH, or solvent, is particularly interesting.®'¥! Such
systems would mimic biological phenomena and provide
chiroptical materials for switching and memory devices.

Herein, we show the control of the helical sense in oligo-
thiophenes through pH-responsive wrapping with left-
handed-helical amylose. In a broader sense, this is based on
the molecular communication between a helical host poly-
mer and a guest molecule through supramolecular complex-
ation. A change in pH of the medium causes a significant
conformational change in amylose as the host polymer, thus
resulting in either supramolecular complexation with the
guest molecule to induce optical activity or decomplexation
leading to the loss of optical activity. Furthermore, we dis-
cuss the observation that reversal of chirality in oligothio-
phenes does not require hosts of opposite helical chirality,
but can be made possible simply by taking advantage of the
pH sensitivity of the amylose folding, which is dependent on
the history of the pH of the medium.
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Results and Discussion

Among a number of polymers that can adopt ordered heli-
cal conformations, we chose amylose as the host polymer.
Amylose is composed of a-1,4-linkages between D-glucopyr-
anose residues!"!! (Scheme 1). Amylose assumes a random-

OH

OR 4
o n

Amylose: R=H
Carboxymethylated amylose (CMA):
R = CH,CO,H (DS = 0.36)

a-Sexithiophene (6T)

Scheme 1. Chemical structures of the host (amylose and carboxymeth-
ylated amylose) and guest (a-sexithiophene). DS =degree of substitution.

coil conformation in acidic media, but has a loose left-
handed-helical conformation in neutral or basic media.l'”
With an appropriate guest molecule, amylose can form in-
clusion complexes as a result of hydrophobic interactions,
with the guest molecule confined within the helical cavi-
ties.>¥ Amylose, however, serves as a polyelectrolyte
above pH 11 and unfolds again to a random-coil conforma-
tion.'"? In our experiments, we used plain amylose (M,=
5.8x10% M,/M,=1.7) or, occasionally, partially carboxyme-
thylated amylose (CMA; degree of substitution=36%) to
increase the solubility of the resulting inclusion complex in
aqueous solution. Recently, we found the induction of a
preferential helical conformation to the main chain of oligo-
silanes and oligothiophenes within the helical channel of
amylose and schizophyllan (SPG), in which the helical sense
of the guest molecules is controlled by wrapping with either
the left- or the right-handed helical-sense conformation of
the host polymer.™! Shinkai and co-workers also reported
the supramolecular chiral complex between SPG and water-
soluble polythiophenes.!'!

pH-Dependent Complexation of Amylose and
Oligothiophene 6T

To begin with, the pH-dependent complexation of amylose
and oligothiophene 6T was examined. In a typical experi-
ment, 6T (0.15mg, 3.0x10*mmol) and CMA (1.54 mg,
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8.40x 10~ mmol glucose unit) were dispersed in dimethyl
sulfoxide (DMSO; 0.3 mL) ultrasonically for 2 min. The re-
sulting mixture was added to water (2.7 mL) adjusted to an
appropriate pH value and was further sonicated for 5 min.
The cloudy orange mixture gradually became a clear pale-
yellow solution (Figure 1). The resulting solution was stirred
at room temperature for 2 h and was subjected to spectro-
scopic measurement.!”)

Figure 1. Photograph of 6T (left) and a mixture of 6T and CMA (right)
in 10% aqueous DMSO at pH 10.5.

Figure 2 shows the UV/Vis and CD spectra of the result-
ing aqueous DMSO solutions at different pH values, as well
as a plot of the intensity of the induced circular dichroism
(ICD) signal at 360 nm as a function of pH. At a low pH,
the UV/Vis absorption and Cotton signal of the aqueous so-
lution are very weak, which indicates that most of the 6T re-
mained in the uncomplexed state in the acidic aqueous
medium. Under these conditions, the uncomplexed 6T did
not show any optical effect. However, at neutral and alka-
line pH values up to pH 10, the aqueous DMSO solution ex-
hibited a broad absorption at around 380 nm and a bisignate
Cotton signal with a positive sign for the first Cotton effect,
along with the 6 =0 crossing wavelength that basically coin-
cides with the absorption maximum, which is characteristic
of the m—m* transition of the 6T main chain. The Cotton
effect increased gradually with increasing pH (Ag(360um) =
0.89m 'cm™' at pH 10.5). Oligothiphene 6T itself does not
show any CD signals. Accordingly, these spectral features
demonstrate the formation of a supramolecular complex, in
which a preferential twisted conformation is induced in the
oligothiophene chain residing in the helical channel of the
CMA as a result of complexation with the chiral helical host
under the experimental conditions used (Scheme 2). The dis-
symmetry ratio of the complex, g; (=Aeg/e;), at 360 nm,
which is usually used to characterize the properties of heli-
cal structures, such as the right- and left-handed helix popu-
lations, is 1.2x 107, The complexes of induced chirality were
stable even at 80°C.["*® However, when the pH of the aque-
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Figure 2. a) pH-dependent UV/Vis and CD spectra of a mixture of 6T
and CMA in 10% aqueous DMSO. b) Plot of ICD intensity at 360 nm as
a function of pH.

pH2.0108.8

pH 13.4 to 10.1

6T

Scheme 2. Schematic illustration of the pH-sensitive supramolecular complexation of a-sexithiophene (6T)

and amylose.

ous solution was adjusted to pH 11.2, the CD signal faded,
in agreement with unfolding of the CMA in the more basic
medium (see above). Thus, the abrupt change in optical ac-
tivity of the oligothiophene at a critical pH value is associat-
ed with supramolecular complexation with the CMA, whose
conformation is pH-dependent.
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Chirality Inversion of 6T with Amylose During pH Change

We examined the CD spectral features of 6T during a
change in pH (Figure 3). We found that the complexation of
6T with amylose is sensitive to the folding of the latter
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Figure 3. UV/Vis and CD spectra of 6T/amylose in 10 % aqueous DMSO
upon pH change from pH2.0 to 8.8 (red) and from pH 13.4 to 10.1
(blue). [6T]=1.0x10"*m, [amylose] =2.8 x 10> m.

during pH change in the induction of the selective twist-
sense bias of conformation to produce optical activity. In a
similar manner to the foregoing observations made with
CMA, a mixture of plain amylose and 6T did not display
any CD signal in very acidic (pH 2.0) or basic (pH 13.4)
aqueous DMSO, owing to the lack of complexation as the
amylose took on the random-coil conformation. Amylose
was found to form a supramolecular complex with 6T
(Figure 3) only within an inter-
mediate pH range, over which
the ability for complexation
with 6T is almost the same for
CMA and amylose, on the basis
of a comparison of the CD
spectra of 6T/amylose and 6T/
CMA (see Supporting Informa-
tion). The absorption and CD
intensities were much lower
than those observed in Figure 2,
because part of the 6T (or amy-
lose) precipitated readily, and
the precipitated 6T was not complexed with amylose under
the experimental conditions.

Interestingly, the ICD spectral feature has proved to be
dependent on the pH history of the aqueous medium in
which 6T and amylose are present. Thus, when a solution in
aqueous DMSO was basified from pH 2 to pH 8.8, the re-
sulting mixture displayed a bisignate CD spectrum with a
positive sign for the first Cotton effect at around 370 nm
(Figure 3). On the other hand, when the aqueous solution
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was acidified from pH 13.4 to pH 10.1, the ICD signal also
appeared at around 370 nm, but with a negative sign for the
first Cotton effect. Furthermore, the spectral features re-
mained almost same after the solution was stood for 24 h
(see Supporting Information). This clearly indicates that 6T
adopts an opposite twisted conformation. The positive and
negative first Cotton effects are related to a clockwise and
anticlockwise twisted conformation, respectively.

The key development in the present work is that the in-
duced chirality in 6T can be controlled and switched by the
pH sensitivity of the amylose folding, in which the pH of
the medium is adjusted from acidic or very basic medium.
The reversal of chirality in 6T can be achieved by changing
the single-molecule screw sense. It can be related to the
structural change in amylose; that is, when the pH changes,
the complexation causes kinetic trapping of 6T as the guest
molecule in the helical channel of amylose to induce the op-
posite chirality. Alternatively, the chirality inversion may be
attributed to the formation of two types of m-stacked chiral
superstructures: a cholesteric liquid-crystalline-type assem-
bly of coplanar chains and a stack of twisted backbone
chains based on a cholesteric hard-core model."® Detailed
understanding of the origin of the chirality inversion re-
quires further study.

Conclusions

We have demonstrated the induction of chirality in 6T
synchronized with complexation with left-handed-helical
amylose, in which the twisted conformation of 6T is control-
led and reversed through pH change of the aqueous media.
In our previous study, reversal of induced chirality occurred
when the guest is wrapped with the host polymer of either
the left- or the right-handed helical conformation. The pres-
ent paper offers an alternative strategy for chirality control
in insulated molecular wires!' and provides a simple ap-
proach to the design of new chiral materials.

Experimental Section
General

'H and “C NMR spectra were recorded on a Bruker DPX 300 FT-NMR
spectrometer at 300 and 75.4 MHz, respectively. 'H and >*C NMR chemi-
cal shifts are referenced to residual solvent (CDCly; 'H: 6 =7.24 ppm;
BC: 9=77.0 ppm). Gas-liquid chromatography data were recorded on a
Shimadzu GC-8A chromatograph. Cross-polarization magic-angle-spin-
ning (CP-MAS) "C NMR spectra were recorded at 67 MHz on a JEOL
Excalibur 270 spectrometer. Gel-permeation chromatography was per-
formed with a Shimadzu LC 10 HPLC equipped with PL-gel mixed-C
columns calibrated with a polystyrene standard and a solution of N,N-di-
methylacetamide (DMACc)/5% LiCl as the eluent. X-ray diffraction pat-
terns were recorded on a Rigaku RAXIS-IIc X-ray diffractometer. UV/
Vis spectra were recorded on an HP Agilent 8453 spectrometer. CD spec-
tra were obtained on a JASCO J-820 spectrometer by using 1-cm quartz
cells, with the following scanning conditions: scan rate=50 nmmin~!,
bandwidth =2.0 nm, response time =1 s, number of accumulations=2.
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Materials

All solvents and reagents used were of reagent grade, purchased from
commercial sources, and used without further purification unless other-
wise specified. Amylose was obtained from Nacalai Tesque, Inc. The
number-average molecular weight (M) and the polydispersity index (M,,/
M,) were 5.8x10* and 1.7, respectively. CMA was prepared as described
in the literature.” a-Sexithiophene (6T) was obtained from Aldrich
Chemicals. Water was purified with a Millipore Milli-Q system.

Sample Preparation

CMAV/6T inclusion complex: A typical example is as follows. A mixture
of 6T (0.15mg, 3.0x10~*mmol) and CMA (1.54 mg, 8.40x 10> mmol
glucose unit) in DMSO (0.3 mL) was dispersed ultrasonically for 2 min,
added to water (2.7 mL), adjusted to an appropriate pH value, and subse-
quently sonicated for 5 min. The resulting solution was stirred at room
temperature for 2 h and subjected to spectroscopic measurement.

pH-adjustment experiments: Change in pH from pH 2.0 to 8.8: A mix-
ture of 6T (0.155mg, 3.13x10"* mmol) and amylose (1.37 mg, 8.43x
10~ mmol glucose unit) in DMSO (0.3 mL) was dispersed ultrasonically
for 2 min. Aqueous HCI (0.01 N, 0.2 mL) was added, and the mixture was
again dispersed ultrasonically for 2 min. After the mixture was stirred for
1 h, aqueous NaOH (1.0x107°N, 2.5 mL) was added and dispersed ultra-
sonically for 5 min. The mixture was then subjected to spectroscopic mea-
surement.

Change in pH from pH 13.4 to 10.1: A mixture of 6T (0.145 mg, 2.93x
10~*mmol) and amylose (1.36 mg, 8.39x10mmol glucose unit) in
DMSO (0.3 mL) was dispersed ultrasonically for 2 min. Aqueous NaOH
(0.25N, 0.1 mL) was then added, and the mixture was again dispersed ul-
trasonically for 2 min. After the mixture was stirred for 1 h, aqueous HCI
(0.01N, 2.5 mL) was added, and the mixture was then subjected to spec-
troscopic measurement.
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