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ABSTRACT: We fabricated a micrometer-long supramolecular chain in which n-conju-
gated polyrotaxane was coupled. A new experimental setup was designed and con-
structed, and the simultaneous direct imaging of the structure and fluorescent func-
tion was achieved. Furthermore, we identified the formation of a polymer intertwined
network and observed novel fluorescence due to a long-range interaction via this
intertwined network over a distance of 5 yum or more without quenching over 15 min in
the near field. © 2005 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 44: 801-809,

2006

Keywords: atomic force microscopy (AFM); conjugated polymers; fluorescence;
nanostructure; near-field; simultaneous imaging; polyrotaxane

INTRODUCTION

Polymers are very useful materials that display
many excellent properties, and they have become
indispensable in maintaining and developing our
current way of life. In particular, n-conjugated
polymers are recognized as being part of the next
generation of functional polymers for optical and
electronic applications.'™ Nevertheless, it is diffi-
cult to discuss the correlation between their
structures and functions on a molecular level
because these are diverse and dynamic and can
be very complex. If the structure and functions of
a polymer could be directly observed, with mini-
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mal inference or hypotheses, the relationship
between the polymer structures and functions
could be clarified. Consequently, molecular devi-
ces of a polymer might be created on the basis of
new design concepts and new working principles.
Recently, we achieved the direct measurement
of the chiral structure of single molecules in a =-
conjugated helical polymer at room temperature
with scanning tunneling microscopy®* and atomic
force microscopy (AFM).?> On the other hand, as
an example of single-molecule fluorescent detec-
tion, the imaging of single protein molecules
with fluorescence microscopy has made remark-
able progress since the development of single-
fluorophore imaging methods, which have been
used on air-dried surfaces.® Single fluorophores
in aqueous solutions have been imaged with
total internal reflection fluorescence microscopy
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Figure 1. (a) Chemical structure of the polyrotaxane
(+)-poly[AEPE-rotaxa-(a-CyD)] and (b) part of a molecu-
lar mechanics calculation optimized model of a polymer.

(TTRFM), in which the background fluorescence is
significantly reduced’” when a laser beam is
totally reflected in the interface between the glass
surface and solution; illumination is limited to
only the vicinity near the glass surface. In our
previous study, this single-molecule imaging me-
thod was expanded to an organic polymer solu-
tion system for the direct observation of single
molecules of a photonic, functional, rigid-rodlike
n-conjugated polymer.® In this study, we suc-
ceeded in the simultaneous imaging of the struc-
ture and fluorescent function of a =n-conjugated
polymer. Figure 1(a,b) shows the chemical struc-
ture and molecular model of a n-conjugated polyro-
taxane, (+)-poly[(9,10-anthracenediyl-ethynylene-
1,4-phenylene-ethynylene)-rotaxa-(a-cyclodextrin)]
{(-H)-poly[AEPE-rotaxa-(a-CyD)]}, that we synthe-
sized in this study. Figure 2 shows a schematic
view and an exterior view of the experimental
setup that we built to simultaneously observe the
structure and functions of the polymer on a
molecular level, respectively. The setup consists
of an AFM instrument®® set above a substrate
on which the specimen is mounted and an objec-
tive-type TIRFM'© set below the substrate in air
at room temperature. The AFM instrument can
image the structure of the polymer on a molecu-
lar level, and the TIRFM instrument is able to
image the fluorescence of the polymer at a video
rate, so both the structure and fluorescent func-
tion of the polymer can be simultaneously
imaged at the substrate surface.

EXPERIMENTAL

Microscopy

The TIRFM instrument was self-made by the
modification of an inverted fluorescent micro-

scope (Infinity optical system IX70, Olympus,
Japan), as shown in Figure 2. An objective lens
[60x, oil TIRFM, numerical aperture (NA) = 1.45;
PlanApo, Olympus] of a high NA was attached to
this TIRFM instrument. A laser beam from a
helium-cadmium (He-Cd) laser [wavelength
=441.6 nm, 70 mW, continuous wave (CW), line-
arly polarized, blue laser; model Liconix M.4.70,
Melles Griot, United States] was attenuated by
neutral density filters (transmission = 21%) and
focal expanded by a lens (LBE-3, Sigma Koki,
Japan). The laser beam was focused by a lens
(Focal length = 350 mm) on the back focal plane
of the objective lens with an NA of 1.45. 0, (66.6°)
is the angle corresponding to NA (1.58 sin 0, =
NA; 1.58 is the refractive index of mica). The
laser beam was reflected by a dichroic mirror
(DM455, Olympus). 0. (39.3°) is the critical angle
of the mica—air interface (1.00 sin 90° = 1.58 sin
0.; 1.00 is the refractive index of air). When the
incident beam was positioned to propagate along
the objective edge between 0, and 0., the beam
was totally internally reflected, producing an
evanescent field at the mica—air interface (the
1/e penetration depth was ca. 40 nm at an angle
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Figure 2. Experimental setup of the AFM-TIRFM
instrument that the authors built to simultaneously
observe the structure and functions of a polymer (not
to scale). The notch filter is used to block incident
light (441.6 nm). The short pass filter is used to cut
the laser (670 nm) from the AFM detection system
(see the Experimental section for details).
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Scheme 1. Synthetic route of (+)-poly[AEPE-rotaxa-(a-CyD)] (see the Experimental

section for the details).

of 60°). A mica film with a thickness of about
20 ym was used as the substrate.

The background of scattered light was rejected
with a holographic notch filter (HNPF-441.6-1.0,
Kaiser Optical System, United States), whose
optical density at 441.6 nm was larger than 6.
The scattered light (wavelength = 670 nm) from
an AFM detection system was reduced with two
short pass filters (cutoff wavelength = 630 nm).
An intermediate image formed by spherical
achromatic lenses (focal length = 100 mm) was en-
larged by a projection lens (PE 5x, Olympus).

Nonfluorescent immersion oil (for ordinary
use, (refractive index (ngq) = 1.516; Olympus) is
suitable for single-molecule fluorescence imaging
because it emits low fluorescence and has ad-
equate viscosity.

Images were recorded with an silicon intensi-
fied target (SIT) camera (C1000 Type 12, Hama-
matsu Photonics, Japan) coupled to an image in-
tensifier (VS4-1845, Video Scope, United States)
and stored on S-VHS videotape. Videotaped
images were processed with a digital image pro-
cessor (Argus-20, Hamamatsu Photonics).

Probe-scan-type AFM (PicoSPM, Molecular
Imaging Corp., United States) was used in the
contact mode with a soft cantilever [BL-RC150V
(BioLever), Olympus] having a spring constant
of 6 pN/nm. The pressure of tip contact was set
as low as possible for the imaging of a soft con-
tact. This probe-scan-type AFM instrument was
combined with an objective-type TIRFM instru-
ment, as stated previously (see Fig. 2). To image
simultaneously by AFM and TIRFM, a sample
on a stage with an AFM head was set to the

TIRFM instrument. First, the TIRFM instru-
ment was focused on a sample surface. Next,
the AFM instrument was brought to the sample
surface. The best imaging conditions were opti-
mized under the observation of both images.

The AFM instrument (JSPM-4210, JEOL,
Japan) was also used in a noncontact mode. A
cantilever (OMCL-AC160TS, Olympus) with a
resonant frequency of 300 kHz and a spring
constant of 42 N/m was used. A high vacuum of
1 x 10~2 Pa was used, and the cantilever was
oscillated with constant amplitude at room tem-
perature. Imaging in a noncontact mode was
carried out by the scanning of the probe while a
frequency shift of —15 Hz was maintained.

Sample Preparation

A series of specimens were prepared with the
spin-casting process on a clean bench (described
later) for observation under the microscope. A
polymer was dissolved in purified water at room
temperature in air at atmospheric pressure, and
a 3 x 10~* mol/L concentration solution was pre-
pared. A mica surface was cleaved and was spun
with a rotation speed of 1 x 102 rpm (17 Hz).
With the cleaved surface exposed and rotated in
this way, the polymer solution (10 uL) was cast
onto the center of rotation of the surface, and the
cast solution was left to dry at room temperature
in atmospheric air. The prepared surface was
then observed under the microscope.

Polymer Synthesis

As shown in Scheme 1, to prepare (+)-poly[AEPE-
rotaxa-(¢-CyD)], p-diiodobenzene (0.746 mmol,
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Figure 3. (a) Chemical structure of «-CyD, (b) molecular mechanics calculation

optimized model of «-CyD, (¢) 400-MH

z 'H NMR spectra of the polymer; (+)-poly

[AEPE-rotaxa-(¢-CyD)] and o-CyD in D50 at 300 K (the external standard was TSP-
dy4), and (d) aromatic region of (+)-poly[AEPE-rotaxa-(a-CyD)].

246 mg), p-diethynylbenzene (0.667 mmol, 84.0 mg),
and 9,10-diethynylanthracene (7.39 x 10~2 mmol,
16.7 mg) were added to a saturated o-cyclodextrin
(a-CyD) aqueous solution (149 mmol/L, 145 g/L)) and
irradiated with an ultrasonic wave to form the inclu-

sion complexes [see Fig. 3(a,b) for the «-CyD ring
structure]. These inclusion complexes were poly-
merized at 90 °C for 40 h with a palladium(II) ace-
tate (8.73 x 102 mmol, 19.6 mg) and potassium car-
bonate (11.3 mmol, 1.56 g) catalyst system'! to form



a polymer from the constituent complex monomers.
After the polymerization reaction, the water-soluble
and high-molecular-weight part was isolated by
gel filtration and reprecipitation from an aqueous
solution into methanol. The water-soluble (+)-
poly[AEPE-rotaxa-(a-CyD)] was a dark-brown
solid.

Polymerization yield: 220 mg (0.223 mmol).
[a]p®®: +24.6° (¢ = 0.100, H,0). Ultraviolet—visi-
ble (UV-vis): Amaxy = 197 nm (¢ = 6.92 x 10,
Jmax = 260 nm (¢ = 3.55 x 10%), cutoff wave-
length = 640 nm (¢ < 50). Gel permeation chro-
matography (GPC): weight-average molecular
weight = 1.47 x 10°, weight-average molecular
weight/number-average molecular weight (poly-
dispersity index) = 2.3.

A GPC column (TSKgel «-M, Tosoh, Japan)
with a high exclusion limit [poly(ethylene oxide),
number-average molecular weight > 1 x 107]
was used with an eluent of water at 40 °C. In
addition, the threaded cyclodextrin on an anthra-
cene unit was removed during the process for the
purification.

In the 'H NMR spectrum of the polymer in
D50, the peaks at 5.1 and 4.0-3.6 ppm were
assigned to the protons in «-CyD [see Fig. 3(c)]. A
broad shoulder peak at 7.8 ppm was assigned to
the 1-, 4-, 5-, and 8-position protons in the anthra-
cene ring, and a broad peak at 7.4 ppm was
assigned to the 2-, 3-, 6-, and 7-position protons in
the anthracene and phenyl rings [see Fig. 3(d)].

RESULTS AND DISCUSSION

The n-conjugated polymer that we synthesized,
(-+)-poly[AEPE-rotaxa-(«-CyD)], in which cyclic
molecules («-CyD) are threaded onto a n-conju-
gated main chain, is shown in Figure 1(a,b).
Thus, (+)-poly[AEPE-rotaxa-(«-CyD)] is a kind
of polyrotaxane.'?13

If substituents such as long-chain alkyl
groups are not bonded onto the main chains of a
n-conjugated polymer, the polymer chains can
interact with each other by 7n—n interactions,
and 7 stacking occurs, causing aggregates to
form; as a result, the solubility markedly de-
creases for any solvent. This poses a significant
difficulty to overcome in the study of the molec-
ular characterization of polymers at the single-
molecule level. The use of a polyrotaxane in this
study is based on our conjecture that cyclic mol-
ecules can physically block = stacking. Conse-
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quently, the solubility of such a =n-conjugated
polymer could be increased [see Fig. 1(b)]. In 'H
NMR measurements (see Fig. 3), 3-(trimethylsi-
lyl)propionic-2,2,3,3-d4 acid sodium salt (TSP-d;
98 atom % D; Isotec, Inc., Ohio) was used as an
external standard. A capillary (a thin glass tube)
enclosed a D50 solution, and it was used for the
measurement to prevent the inclusion of a TSP-
d4 molecule in an «-CyD hole.

The results of the 'H NMR measurement of
(+)-poly[AEPE-rotaxa-(«-CyD)] and o-CyD in
D50 are shown in Figure 3(c). Here, H3 and Hj
protons face toward the inside of the «-CyD
holes [see Fig. 3(b)]. Compared with those of poly-
rotaxane and o-CyD, the chemical-shift values of
the H3 and Hj protons changed more noticeably
than those of the other protons (H,, H4, and
Hg). Here, the protons of Hs, Hy, and Hg face
toward the outside of the ¢-CyD holes. This sig-
nificant change shows the formation of an inclu-
sion complex.'* Broad peaks in the lower mag-
netic field were assigned to the protons of the
aromatic rings in the main chains of the n-con-
jugated polymer. A copolymerization ratio was
calculated from the analytical results of the aro-
matic protons and «-CyD protons in a 'H NMR
spectrum. In addition, the molecular weight is
greater than 10° g/mol, as measured by GPC
with water as the eluent [see Fig. 4(a)], and
the UV-vis absorption spectrum of this polymer
in water shows that the absorption shifted sig-
nificantly toward the longer wavelengths in
comparison with the complex monomers, as far
as 640 nm at the cutoff wavelength [¢ < 50;
see Fig. 4(b)l. It was concluded that the =-
conjugated system had been expanded on the
main chain. We determined from the results of
the measurements that (+)-poly[AEPE-rotaxa-
(¢-CyD)] had been successfully synthesized. Fur-
thermore, this polymer emitted fluorescence hav-
ing a peak wavelength of 520 nm when excited
at 442 nm in water [see Fig. 4(c)], which is the
excitation light wavelength (441.6-nm CW laser)
of TIRFM. This shows that (+)-poly[AEPE-rota-
xa-(e-CyD)] can be observed with TIRFM imaging.

Figure 5(a) is a noncontact-mode AFM image
of polymer chains extended outwards from a
molecular globule. These chains were measured
to be a micrometer-long structure. This is a new
finding for a macromolecular structure. Figure 5(b)
is a proposed model structure of a polyrotaxane.
This model shows that the size of a single mole-
cule is 1.5 nm. The height of a molecular globule
was about 4 nm, as shown in Figure 5(c); this
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Figure 4. (a) GPC chart of a polymer at 40 °C (UV
detector was used, and the wavelength was 190 nm;
see the Experimental section for details), (b) UV-vis
spectra of a polymer and monomers in HyO at room
temperature, and (¢) photoluminescence spectrum of a
polymer in HyO at room temperature.

was height of three molecules. Each chain that
extended outward from a globule was a single
molecular size, as shown in Figure 5(d). Al-
though a micrometer-long chain was observed
directly in an AFM measurement, the long poly-
mer chain could not be synthesized by a cross-
coupling reaction'! in this study. Hence, we
thought that n-conjugated polyrotaxane chains a
nanometer long coupled to form a micrometer-

long supramolecular chain because of an inter-
molecular interaction at the chain ends like a
train on a nanometer scale, as shown in Figure
5(b). Actually, a number of short substances a
nanometer long were observed in line when im-
aged by AFM at the other large area, which had
a height of a single molecular size of 1.5 nm.
Therefore, we thought that these short substan-
ces were the chains of (+)-poly[AEPE-rotaxa-(o-
CyD)] without an intermolecular interaction.
It is a very interesting and new finding that
the polymer chains formed a micrometer-long
coupling supramolecular structure by a self-as-
sembly event without forming a disordered ag-
gregate.

Figure 5(e) is a contact-mode AFM image of
the intertwined network of the polymer chains. The
cross sections of these polymer strands were ana-
lyzed, and the height of each polymer strand was
found to be about 1 nm, as shown in Figure 5(f).
This value is less than 1.5 nm, which is the ex-
ternal diameter of «-CyD in a single polyrotax-
ane chain; a molecular mechanics (MM2) calcu-
lated optimized model is shown in Figure 5(b).
However, it should not be considered the actual
value because «-CyD threaded onto a polymer
chain is squeezed down and deformed by contact
pressure from the probe with the cantilever.
Therefore, we concluded that the strands of a n-
conjugated polymer had been observed on a sin-
gle-molecule level. It was determined from these
observations that each spot in the AFM image
consisted of a molecular globule in which the
polymer chains were intertwined like a wound-
up ball of string and that the stranded polymer
chains extended outwards from these globules,
just as a string can come loose from a ball when
it is unwound, as shown in Figure 5(g).

Figure 6 shows the results of the simultane-
ous imaging of the structure and the fluorescent
function of the n-conjugated polymer. The posi-
tion of the brightest spots in the TIRFM image
shown in Figure 6(a) matches the position of
the highest spots in the AFM image shown in
Figure 6(b). This indicates that simultaneous
direct imaging is successful with this AFM-
TIRFM setup and that some high spots emit a
strong fluorescence. In Figure 6(c,d) (control
experiments), no fluorescent and no absorbate
can be observed on a mica substrate, and it
is also shown that the simultaneous imaging
of a m-conjugated polymer is successful. In Fig-
ure 6(a), a relatively weak fluorescence can also
be observed in the region around the three very
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Figure 5. (a) Noncontact-mode AFM image of single chains from a molecular glob-

ule of (+)-poly[AEPE-rotaxa-(o-CyD)] on mica at room temperature (a high vacuum
of 1 x 1072 Pa was used, and the cantilever was oscillated with a constant amplitude
at room temperature; imaging in a noncontact mode was carried out by the scanning
of the probe while a frequency shift of —15 Hz was maintained), (b) proposed model
of the polymer coupling by n—= interaction at the chain ends, (c¢) analytical result of
a cross section of the line from 1 to 2 indicated in the AFM image of part a, (d) cross-
sectional analysis of the line from 3 to 4 indicated in the AFM image of part a, (e)
contact-mode AFM image of the intertwined network as a nanostructure, (f) analyti-
cal result of a cross section of the line from 5 to 6 indicated in the AFM image of part
e, and (g) string model of the polymer chains in the region shown in the square in

the AFM image of part e.

bright spots. In the case of TIRFM, which is
optical microscopy, there is an absolute limit
to the image resolution. With AFM, however,
some stringlike objects that are deemed to be
aggregated polymer chains on a molecular level
can be observed in the identical area in which
the formation of a nanostructured network by
the loose connection of the assembled n-conjuga-
ted polymer chains can also be observed, as
shown in Figure 6(b). Therefore, the TIRFM im-
age shown in Figure 6(a) verifies that the light
emitted from the brightest spots and their sur-
rounding area is the fluorescent light emitted
by the polymer. In addition, bleaching was only
slightly observed over 15 min during the imag-

ing. The polymer strands were extended from
the highest spot, which was the molecular glob-
ule of a n-conjugated polymer, in the AFM
image, as shown in Figure 6(b).

It is most interesting to note that the fluores-
cence is brighter in the area formed by the con-
nection of the three brightest spots, as shown in
the TIRFM image in Figure 6(a). This is the flu-
orescence due to a long-range interaction of a -
conjugated polymer and the protons. The mole-
cular globules have many =n electrons in an exci-
tation state (n* state) and an excitation energy
transfer via a loosely connected n-conjugated
polymer intertwined network as a nanostruc-
ture. We think that the fluorescence is a light
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Nanostructure of a m-Conjugated Polymer
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Figure 6. Simultaneous imaging by TIRFM and AFM of the intertwined network,
that is, the nanostructure of (+)-poly[AEPE-rotaxa-(2-CyD)] on mica in air at room
temperature: (a) a fluorescent image observed by TIRFM in which the inset with a
square size of 25 ym x 25 ym was imaged by AFM (the excitation wavelength was
441.6 nm with a CW He-Cd laser, and the observed fluorescence wavelength was
over 475 nm; see the Experimental section for the details), (b) a topographic image
observed by contact-mode AFM with an area of 25 ym x 25 ym in which the central
part was observed by TIRFM, (c) a fluorescent image of the mica substrate as a con-
trol experiment of TIRFM imaging, and (d) a topographic image of the surface of the
mica substrate as a control experiment of AFM imaging with an imaging area of

35 ym x 35 um.

emission based on not only the combined phe-
nomena of energy migration,'® energy transfer,
and energy hopping between many chromo-
phores but also an effect of the total internal
reflection: thus, the photons in the direction of
a wave number vector of the Goos-Hénschen
shift in the total internal reflection that scat-
tered at the molecular globules of a n-conjugated
polymer. Surprisingly, the photons propagated to
a n-conjugated polymer intertwined network
over a distance of 5 yum or more. As the result,
the fluorescence was brighter in the area. In
other words, this phenomenon can be considered
optical communication over a long range. This
novel phenomenon suggests the possibility of

using the polymers to create an intertwined
molecular network device in the future. As a
new chemistry, it is worthwhile that the rela-
tionship of the structure and function can be
directly discussed on a molecular level.
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