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It has been demonstrated that a chiral, insulated poly(p-
phenylene ethynylene) (PPE) nano-wire can be created
by a polymer wrapping method utilizing natural p-1,3-
glucan polysaccharide schizophyllan (SPG). Spectro-
scopic and microscopic measurements have revealed that
PPE adopts a rigid conformation and exists as one piece
in the helical hollow constructed by two SPG chains.
Moreover, the inherent helical structure of SPG can
induce the chiral twisting of the insulated PPE backbone.
It is believed that the present system is really applicable
for designing novel chiral sensors based on PPE.

Keywords: Polysaccharide; Conjugated polymer; Insulated
polymer; Chiral sensor

INTRODUCTION

Recently, exploitation of highly sensitive chemo-
sensors based on conjugated polymers (CPs), which
can convert chemical and physiological signals into
optical emission with signal amplification, has been
of much concern. Poly(p-phenylene ethynylene)
(PPE) is one of such CPs which is suitable to
chemosensors due to its excellent optical response to
environmental variation through the relatively free
rotation of the alkenyl-aryl single bond [1-8]. A
particularly challenging aspect of PPE is to design a
water-soluble PPE backbone with a one-handed
helical structure because it is readily applicable as a
sensitive chiral sensor targeting to biologically
important molecules and polymers. Accordingly,
much effort has been paid to design and synthesis of
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various water-soluble PPEs to which chiral sub-
stituents are covalently attached. So far, a few
attempts have been reported to utilize the chiral
PPEs as sensor probes in aqueous solution. However,
such water-soluble PPEs have the nature of
polymeric “amphiphiles” and strong tendency of
the PPE backbone to form interpolymer aggregates
has caused serious researchers’ confusion because it
induces efficient fluorescence quenching to reduce
the sensor sensitivity [9-11]. One potential break-
through in overcoming this problem is to design the
insulated PPE through covalent or noncovalent
approaches, in which the PPE backbone is encapsu-
lated by a protective sheath [12]. This intriguing
strategy would make it possible to fabricate PPE on a
molecular level, avoiding the interpolymer aggrega-
tion. Here, one may expect that if the sheath
polymers are chiral, they would force the incorpora-
ted PPE to adopt a chirally twisted conformation
along the sheath polymer chain. We report herein our
novel approach toward the creation of a chiral
insulated PPE wire through noncovalent inclusion
by natural polysaccharide schizophyllan (SPG)
acting as a sheath polymer.

SPG is a natural polysaccharide produced by
fungus Schizophyllum commun and its repeating unit
consists of three B-(1-3) glucoses and one B-(1-6)
glucose side chain linked at every third main-chain
glucose. SPG adopts a triple helix (t-SPG) in nature,
which is stabilized by the hydrogen-bonding
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interaction among 2-OH groups, but can be
dissociated into a single chain (s-SPG) by dissolving
in dimethylsulfoxide (DMSO) [13]. The s-SPG chain
can retrieve the original triple helix by exchanging
DMSO for water. The computer-generated structure
for this triple helix revealed that the 2-OH side along
the main-chain glucoses is more hydrophobic,
whereas the 6-OH or the side glucose face is more
hydrophilic (Fig. 1) [14]. Therefore, one may image
that the one-dimensional hydrophobic cavity is
constructed inside the SPG triple helix, like a one-
dimensional cyclodextrin array [15-20]. It thus
occured to us that the polymer wrapping by SPG
could be a novel approach toward the creation of the
chiral insulated PPE wire, in which the PPE
backbone is isolated from others and twisted along
the SPG polymer chain, reflecting the right-handed
SPG helical motif [12,22]. So far, the creation of chiral
phenylene ethynylene backbones has been achieved
only by inter- or intrapolymer interactions among
phenylene ethynylene units with chiral substituents;
the typical examples are (1) helical aggregate

Side view

formation through interpolymer stacking of PPE [3]
and (2) intrapolymer folding of poly(m-phenylene
ethynylene) [23-27]. To the best of our knowledge,
therefore, the present system is the first example for
the insulated chiral molecular wire based on PPE.

RESULTS AND DISCUSSION

The complex was prepared according to the follow-
ing procedure: a DMSO solution of PPE (1.0gL71)
was mixed with a DMSO solution containing s-SPG
(5.OgL71, M,, = 150,000). At this stage, the mixed
solution contained 200 ug of PPE and 1.0 mg of SPG.
In this concentration range, PPEs are dissolved in
DMSO homogeneously without forming the aggre-
gate. This fact was confirmed by Lineweaver-Burk
plot (LB plot) using UV -vis spectroscopy (Fig. 2). To
the resultant DMSO solution, water was gradually
added with stirring to avoid the precipitation of PPE.
The final composition of water/DMSO (v/v) was
adjusted to 95/5 (v/v). The clear solutions thus

Diameter:2.6 nm

Random coil

Water-soluble composite

FIGURE 1 (A) Representive models of SPG triple helix, (B) repeating unit of SPG, (C) repeating unit of PPE, and (D) entrapping of PPE

into the SPG hydrophobic cavity during the renaturating process.
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0.67 mM

0 mM

FIGURE2 UV-vis spectra of PPE as a function of concentration (concentration range: 0-6.7 X 10~*M) and LB plot at 442 nm, 0.10 cm cell

length, r.t.

obtained were characterized by UV-vis fluorescence
and CD spectroscopies.

Figure 3 compares the absorption spectra between
PPE itself and its mixture with s-SPG. The absorption
maximum of 442 nm, observed in the absence of SPG,
is attributed to a random-coiled conformation of the
PPE backbone. Upon mixing with s-SPG, the
absorption maximum is red-shifted to 470nm,
indicating that the effective conjugation length of
the PPE backbone is increased. The shift clearly
shows that the interpolymer interaction between
PPE and s-SPG, which would force the PPE
backbone to adopt the more planer and rigid
conformation. It is already known that the similar
red-shift in the UV-vis spectra can be observed
when PPEs form interpolymer aggregates in a poor
solvent, but this type of red-shift is always
accompanied by fluorescence quenching in the
emission spectra. Fluorescence emission spectra of
the SPG/PPE complex are shown in Fig. 4. In Fig. 4,
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FIGURE 3 UV-vis spectral change of PPE as a function of SPG
concentration (concentration range of s-SPG : 0-6.7 X 107 M).
The concentration of PPE was kept at 1.5Xx10 *M.
H,O/DMSO = 95/5 (v/v), 1.0cm cell length, r.t.

one can recognize that the emission intensity
dramatically increases upon addition of s-SPG. The
finding indicates that the PPE backbones do not
aggregate by themselves but become more planer
and more isolated through the complexation with s-
SPG. These results support the view that the red-shift
in the UV —vis spectra is caused by the insulation of
PPE in the one-dimensional SPG cavity.

PPE itself is optically inactive, so that no
characteristic CD pattern in the w-m* transition
region was detected in the mixed solvent. Interest-
ingly, upon addition of s-SPG, an intense split-type
induced CD (ICD) appeared in the w—m* transition
region (Fig. 5). The shape and ICD pattern are
characteristic of a right-handed helix of the PPE
backbone, indicating that the right-handed stereo-
chemistry characteristic of SPG is transcribed to the
PPE backbone. Taking all spectroscopic results
obtained into consideration, we can conclude that
one piece of PPE polymer is incorporated into
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FIGURE 4 Emission spectra of PPE in the absence of s-SPG
(dashed line) and in the presence of 15.0eq. (23X 107>M) of
s-SPG (solid line), excited at 400 nm. The concentration of PPE was
kept at 1.5 X 10" M. H,O/DMSO = 95/5 (v/v), r.t.
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FIGURE 5 CD spectra of PPE in the absence of 15.0eq.
(2.3 % 107®M) of s-SPG (dashed line) and in the presence of PPE
(solid line). The concentration of PPE was kept at 1.5 X 10 *M.
H,O/DMSO =95/5 (v/v), 1.0cm cell, r.t.

the SPG one-dimensional cavity and its backbone
adopts a right-handed twisted conformation along
the SPG polymer chain.

As a reference experiment, we mixed an aqueous
solution containing t-SPG with PPE. However, the
mixture did not give any CD signal around the same
wavelength region. This result supports the view
that the renaturating process via s-SPG is indis-
pensable for the effective interaction between SPG
and PPE. Moreover, to differentiate the inclusion
ability of SPG over other polysaccharides, several
polysaccharides (i.e., amylose, dextran, and pulul-
lan) were tested for the reference experiments.
However, none of the reference solutions gave a
significant CD signal, indicating that among natural
polysaccharides, only SPG has the special ability to
create the insulated molecular wire (Fig. 6).

To elucidate the mechanism for s-SPG/PPE
supramolecular complex formation, the stoichi-
ometry of the complex was determined by means
of a continuous-variation plot (Job plot) from its CD
spectroscopic change, where the total repeating unit
concentrations of PPE and s-SPG were maintained
constant at 0.4 mM. From the Job plot (Fig. 7), we can
evaluate the stoichiometric ratio (Ms.spc/(Ms-spc +
M, )tobe 0.4, indicating that the maximum complex
formation is attained at around 2, which corresponds
to the molar ratio of the glucose residue along the s-
SPG main chain to the repeating unit of PPE.
Furthermore, considering the facts that t-SPG forms
aright-handed 6, triple helix with a 1.8 nm pitch and
that three p-phenylene ethynylene unit has statisti-
cally 1.6 nm length in average, we suppose that the
SPG/PPE complex prepared from a mixture of s-SPG
and PPE is constructed by two s-SPG chains and one

4 T T T T
3
— +5s-SPG
T2r _
5]
=] + t-SPG
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FIGURE 6 Comparison of CD spectra obtained from several
PPE solutions containing polysaccharide. The concentration
of PPE was kept at 15x 107 *M. H,O/DMSO =95/5 (v/v),
1.0cm cell, r.t.

PPE chain in which the two s-SPG chains enforce the
PPE chain to be twisted [28].

To obtain more direct evidence for the insulated
molecular wire formation, the atomic force micro-
scopic (AFM) images of the film prepared by casting
a PPE and SPG/PPE composite solution were
recorded. It is seen from Fig. 8a that the height of
t-SPG itself is ca. 1.0nm. In Fig. 8b, one can recognize
that PPEs themselves form dot-like aggregates
reflecting their amphiphilic nature and the height is
estimated to be more than 10 nm. On the other hand,
as seen in Fig. 8c, the SPG/PPE composites are well
dispersed and isolated from each other on the mica
surface and most of them have less than 1.0nm
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FIGURE 7 Job plot of PPE with s-SPG in the V,, = 0.95 mixed
solvent at 25°C: Mg spg + Mppg = 0.4 mM.



15: 04 29 January 2011

Downl oaded At:

B-1,3-GLUCAN (SCHYZOPHYLLAN) FOR CREATING CHIRALLY TWISTED PPE 111

1] 0.80 1.81 nm

FIGURE 8 AFM image of (A) t-SPG, (B) PPE aggregates, (C) SPG/PPE composite, and (D) height distribution of the SPG/PPE
composites. The composite was prepared at the stoichiometric ratio (SPG/PPE = 2/1). Scale bar: 500 nm.

height. This result is supported more quantitatively
by the histogram (Fig. 8d): the peak maximum
appears at 0.6nm with narrow distribution.
Although AFM observation does not give a reliable
polymer thickness because the height is convoluted
with the tip thickness, the clear differences in the
height between the t-SPG and SPG/PPE composite
support the view that the fibrous composite consists
of one PPE chain and two s-SPG chains.

CONCLUSIONS

A novel approach toward the preparation of the
supramolecular chiral insulated wire of PPE owing
to the polymer wrapping effect of SPG has been
demonstrated. The ICD pattern of the composite is
attributed to formation of the characteristic right-
handed helix of the PPE backbone, reflecting the
inherent stereochemistry of SPG. Furthermore,
UV-vis and fluorescence spectra of the composite
revealed that PPE exists as one piece in the helical
hollow constructed by two SPG chains. This finding
was also supported by AFM observation. To the best
of our knowledge, this is the first example to create
the helical and isolated PPE nano-fiber, which is
expected to be readily applicable for a chiral
sensor that is not affected by the analyte-induced

aggregation—deaggregation drawback of PPE. It is
believed that the present system will provide a novel
concept for chiral PPEs and play an important role
to establish a novel sensing system in conjugated
polymers.

EXPERIMENTAL

Measurements

UV -vis spectra were acquired on a Hitachi U-3000
spectrophotometer. The fluorescence spectra were
recorded on a Perkin Elmer LS 55 luminescence
spectrometer. CD spectra were measured on a Jasco
J-720 WI spectropolarimeter using a cylindrical
quartz cell with a pathlength of 1.0cm. AFM
observation was carried out using Topo METRIX
SPM2100.

Materials

SPG was kindly supplied by Mitsui Sugar Co., Japan.
The molecular weight and the number of repeating
units were evaluated to be 1.5x10° and 231,
respectively. Other polysaccharides used here were
purchased from Tokyo Kasei Kougyou Co.,
(M,, = 15,000 for amylose, 70,000 for dextran,
200,000 for plullan and starch).
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SCHEME 1 Synthesis of PPE.

Synthesis of PPE

PPE was synthesized according to Scheme 1.

2,5-Diiodo-1,4-dimethoxybenzene (1)

1,4-Dimethoxybenzene (10.0g, 72.4mmol), iodine
(20.2g, 79.6mmol, 1.1eq.) and potassium iodate
(6.35g, 29.7mmol, 0.4leq.) were dissolved in a
mixed solvent (acetic acid/water = 10/1 (v/v)). To
the solution, 3 mL of sulfuric acid was added and the
reaction mixture was refluxed for 24 h. After cooling
to room temperature, the reaction mixture was
poured into a large amount of water to give a crude
product as a precipitate. After recrystalization with
hot ethanol to give 1 as a colorless crystal (16.3 g,
58%). 'H NMR (600 MHz, CDCl;, TMS): § 7.17 (2H,
s), 3.78 (6H, s). MALDI-TOF MS calculated for
CsHsLO5 : 389.9; found: 391.0.

2,5-Diiodo-1,4-dihydroxybenzene (2)

2,5-Diiodo-1,4-dimethoxybenzene 1 (4.0g, 10.24
mmol) was dissolved in 120 mL of dichloromethane.
After cooling to —78°C, BBrj dichloromethane
solution (1M, 27.0mmol, 2.2eq.) was added to the
mixture under argon atmosphere. The reaction
mixture was gradually warmed to room temperature
and allowed to stirring for 24h. To the solution,
150mL of water was added to give 2 as a white
precipitate. This precipitate was used to the next

reaction without further purification (3.58g, 97%).
'H NMR (600 MHz, CDCl;, TMS) & 7.12 (s, 2H);
MALDI-TOF MS calculated for CsHiL,O; :362.8;
found: 362.8.

2,5-Dimethoxy-1,4-trimethylsilylethynylbenzene (3)

2,5-Diiodo-1,4-dimethoxybenzene 1 (5.0 g, 12.8 mmol),
Pd(PPh;),Cl, (0.54g, 0.77mmol, 0.06eq.) and Cul
(0.13 g, 1.28mmol, 0.10eq.) were dissolved in a dry
mixed solvent (toluene/diisopropylamine =2/1
(v/v)). To the mixture trimethylsilylacetylene (2.75 g,
28.2mmol, 2.2eq.) was added and the mixture was
stirred at 70°C for 4 h under argon atmosphere. After
cooling to room temperature, the reaction mixture was
washed with water several times and the separated
organic layer was dried over anhydrous MgSO,. After
removing the solvent, the residue was purified with
flash column chromatography (hexane/ethyl
acetate = 5/1 (v/v)). After moving the solvent, 3 was
obtained as a white powder (3.04g, 72%). '"H NMR
(600MHz, CDCl;, TMS) 6 6.64 (s, 2H), 3.59 (s, 6H);
MALDI-TOF MS calculated for ClgHgéOzSi;' 1 331.2;
found: 331.2.

Monomer Unit for PPE (4)

The solution containing 3 (0.90g, 2.72mmol) and
K>CO;5 (3.8 g, 27.5mmol, 10eq.) in a mixed solvent
(20mL of THF and 15mL of methanol) were stirred
for 24h. After removing K,COj; by filtration, the
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solvent was evaporated to dryness. The obtained
yellow powder was recrystalized with benzene and
ethanol to give a pale yellow powder (285 mg, 55%).
'"H NMR (600 MHz, CDCl;, TMS) § 6.92 (s, 2H),
3.82 (s, 6H); MALDI-TOF MS calculated for
C12H100§L : 1871, found: 187.1.

Monomer Unit for PPE (5)

2 (3.58 g, 9.9 mmol) was dissolved in a mixed solvent
(200mL of 1M NaOH and 50 mL of dioxane). To the
solution, propanesulfone (3.02g, 24.7 mmol, 2.5eq.)
was added and followed to react for 24h at room
temperature. After cooling the solution in an ice bath,
acetone was added to the mixture to give 5 as a white
precipitate (1.26 g, 19%). "H NMR (600 MHz, DMSO-
de, TMS) 67.29 (s, 2H), 4.03 (t, 4H), 2.59 (t, 4H), 1.98
(m, 4H).

PPE

The mixture of 4 (152.6 mg, 0.82 mmol) and 5 (537 mg,
0.83mmol, 1.01 eq.) was dissolved in 10 mL of mixed
solvent (water/DMF = 1/1 (v/v)). To the solution,
diisopropylamine (10mL), Pd(PPhs); (29mg,
25mmol, 0.03eq.) and Cul (5.6mg, 25mmol,
0.03eq.) were added and stirred at 55°C for 24h.
After cooling to room temperature, the reaction
mixture was slowly poured into 1 L of a mixed solvent
(methanol/acetone/diethylether = 1/4/5 (v/v/v)).
The formed precipitate during this procedure was
collected by filtration and dissolved in DMSO. The
DMSO solution was subjected to dialysis against
water (MWCO: 3,500). After freeze-dry treatment,
PPE was obtained as a yellow solid (275 mg, 47%). 'H
NMR (600 MHz, DMSO-ds, TMS) 6 7.16 (br, 4H), 4.15
(br, 4H), 3.88 (s, 6H), 2.70 (br, 4H), 2.08 (br, 4H).
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