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Cyclic polymers bearing no chain ends are attrac-
tive since these may lead to significant changes in
the properties such as chain dimensions,1–7 glass tran-
sition temperatures,8–11 viscoelasticity,11–13 diffu-
sion14–16 and phase-separated structures of cyclic
diblock copolymers17 in comparison with corre-
sponding linear counterparts due to their topological
constraints. Many efforts have been devoted to syn-
thesize and characterize cyclic polymers so far.3,18–29

The basic strategies preparing cyclic polymers are
end-to-end ring closure reactions: coupling reaction
between living polymers with functional groups on
both ends and bifunctional linking agents3,18,21,23,25

or intramolecular coupling reaction between chain
ends of telechelic macromonomers.26 It should be not-
ed that cyclization products include undesired linear
precursors, and dimmer and/or catanated polymers
for both preparing methods. Hence, the products
should be fractionated by using fractional precipita-
tion, gel permeation chromatography (GPC) and/or
ultracentifugation sedimentation, making use of the
fact that chain dimension of cyclic polymers in solu-
tion is smaller than that of linear counterpart at the
same molecular weight.1,30,31 However, since lower
molecular weight components in linear precursors in-
evitably tend to be collected in fractionation process,
the determination of purity is very important to char-
acterize cyclic polymers.
There are no direct methods to prove a cyclic struc-

ture of molecules with high molecular weight, where-
as such fractionation techniques as GPC and ultracen-
tifugation sedimentation have been used as indirect
characterization methods. It is well-recognized that
conventional NMR is useful to pursue chemical struc-
ture of junction point produced by cyclization reaction
occurred and that matrix-assisted laser desorption/

ionization mass spectrometry (MALDI-MASS) was
also applicable to analyze cyclic structures.21,23 How-
ever, these methods are limited to a relatively low
molecular weight polymer (< 10 k). Recently, liquid
chromatography at the critical condition (LCCC)
based on a combination of entropic and enthalpic sep-
arations has been also applied to separate a cyclic
polymer from cyclic/linear mixture.32,33 Since the
peaks for these two components can be clearly split,
this method makes it possible to estimate the purity
of the cyclic polymers.33 However, all the works men-
tioned above give us indirect information, in other
words, there is no explicit evidence for cyclic struc-
ture of the chain.
Scanning probe microscopy (SPM) has the capabil-

ity to observe a single synthetic macromolecule as
well as a large DNA molecule.34–36 In order to visual-
ize a single polymer chain, it is necessary to deposit
an isolated molecule on substrate and to expand the
polymer chain. To do so, a polyelectrolyte molecule
is suitable for this study because it should be expand-
ed by an intramolecular charge repulsion. In this
study, we prepare cyclic sodium poly(styrenesulfo-
nate) from cyclic polystyrene by sulfonation reaction,
and we visually confirm the closed loop structure of
the isolated cyclic polyelectrolyte by SPM.

EXPERIMENTAL

Linear polystyrene, l-PS, was prepared by a living
anionic polymerization using naphthalene potassium
as an initiator. Weight-averaged molecular weight,
Mw, of l-PS, determined by multi-angle laser light
scattering (MALLS), is 115 k. A part of l-PS was used
for cyclization reaction. The details of the synthesis
and characterization of cyclic polystyrene, c-PS, were
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described elsewhere.33 Molecular weight distribution,
Mw=Mn, of c-PS and l-PS evaluated by gel permeation
chromatography (GPC) were 1.02 and 1.04, respec-
tively, and the purity of c-PS evaluated by LCCC
measurement was 95%. Both c-PS and l-PS were sul-
fonated by Vink’s method, followed by neutralization
by treating with sodium hydroxide as shown in
Scheme 1.37 Figure 1 shows a gel permeation chroma-
tograms of (a) cyclic sodium poly(styrenesulfonate),
c-PSS, and (b) linear one, l-PSS, using 0.1M sodium-
perchlorate acetonitrile/H2O solution (0.225/0.775,
vol/vol) as an eluent.
It is apparent that both GPC chromatograms exhibit

a single peak at the peak top around 22mL and shows
no peak tailing. Hence, successful sulfonation reaction
and no chain-scission were confirmed by GPC. De-
grees of sulfonation of c-PSS and l-PSS determined
by inductively coupled plasma (ICP) mass spectrosco-
py were 74% and 72%, respectively. For a compari-
son, l-PSS with Mw of 1:55� 106, abbreviated as
l-PSS-long, was also used.38 Mw for the l-PSS-long
was evaluated by light scattering. Since this polymer
was synthesized by a radical polymerization from
styrenesulfonate monomers and was fractionated by
a thermodynamic method, its degree of sulfonation
is 100%.

c-PSS, l-PSS and l-PSS-long were dissolved into
deionized water and their concentrations were set to
be ca. 4mg/L. These solutions of 0.4mL were drop-
ped onto mica and successively most of solutions
were blown out by nitrogen gas stream, consequently
a few PSS molecules were adsorbed on the mica sub-
strate. The PSS molecules were observed by atomic
force microscopy (AFM) with intermittent contact
mode. AFM images were obtained by an SPA
300HV with an SPI3800 controller (Seiko Instruments
Industry Co., Ltd.) at 293K in air. A cantilever tip
used for this observation was microfabricated from
silicon, and its spring constant and resonant frequency
were 33Nm�1 and 324 kHz, respectively.

RESULTS AND DISCUSSION

To confirm the possibility of visualizing an isolated
polyelectrolyte by AFM, firstly we tried to observe
l-PSS-long. Figure 2 shows an AFM image of the iso-
lated l-PSS with Mw of 1:55� 106 on a mica sub-
strate. It is obvious that a long linear polymeric chain
is observed. The contour length of the chain traced
from Figure 2 was 1.82 mm and the value is in good
agreement with the calculated value of 1.89 mm, eval-
uated from its degree of polymerization and C–C–C
bond length for the repeating unit, i.e., 0.25 nm. From
the same image, the height and width of the molecule
were determined to be 0.3–0.5 nm and 10–20 nm, re-
spectively. The height well corresponds to the diame-
ter of the molecule, while the apparent width is much
larger than the actual size due to convolution of the
AFM tip. Additionally one notices that the chain
was elongated along one direction and fairly aniso-
tropic probably owing to the effect of gas blowing
during sample preparation. This result clearly indi-
cates that an individual l-PSS-long chain on a mica
substrate can be verified by AFM observation, where
PSS is electrically neutral since Naþ and SO3

� are
canceled out each other. We believe that l-PSS-long

Scheme 1. Sulfonation of polystyrene by Vink’s method.
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Figure 1. Gel permeation chromatograms of (a) cyclic sodium

poly(styrenesulfonate) (c-PSS) and (b) linear one (l-PSS).
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Figure 2. An AFM image of linear sodium poly(styrenesulfo-

nate) with Mw of 1:55� 106.
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is attached to mica surface through the adsorbed water
layer formed on mica. Furthermore, many small dots
observed in Figure 2 might be some small dust ad-
sorbed on the substrate during the drying process of
the sample.
Figure 3 shows AFM images of isolated l-PSS and

c-PSS molecules. The linear molecules whose appa-
rent contour lengths range from 150 to 250 nm can
be recognized in Figure 3(a) for l-PSS. In contrast,
all the molecules represent ring-shaped structures for
c-PSS as shown in Figure 3(b), so that the purity of
the cyclic polymers is sufficiently high. The enlarged
image and schematic representation of c-PSS are
shown in Figure 3(c) and (d), respectively. The appa-
rent contour lengths measured for c-PSS molecules
range between 160 and 210 nm, whereas the length
of a fully stretched PSS chain with the corresponding
degree of polymerization is calculated to be 270 nm.
Hence, the observed lengths for both l-PSS and
c-PSS molecules are apparently shorter than the ex-
pected one and the apparent length distribution for
molecules is broad. The reasons for these two results
are discussed as follows.
Mw=Mns for the c-PS and l-PS before sulfonation

reaction are narrow, and no chain-scission after sulfo-
nation reaction is confirmed by GPC. Thus, it is likely
that Mw=Mns for the c-PSS and l-PSS are nearly
equivalent to that for c-PS and l-PS. For this reason,
it can be assumed that the effect of molecular weight
distribution on contour length distribution for PSS

molecules is negligibly small.
One possible reason for the difference between the

expected length and the observed one is the incom-
plete sulfonation of c-PSS, namely it leads detachment
of unsulfonated portion in the c-PSS from the sub-
strate, resulting in the reduction of the projected con-
tour length. There may be several small kinks of
chains perpendicular to the substrate, which were all
ignored owing to a limited resolution.34

The issue of the incomplete sulfonation of PSS
molecules is not irrelevant to the apparent contour
length distribution for both l-PSS and c-PSS mole-
cules. Degrees of sulfonation for c-PSS and l-PSS
are 72% and 74%, it allows certain amount of distri-
bution among molecules. It can be speculated that
the number of the kinks in a chain increases with
decreasing the degree of sulfonation based on above
discussion. Hence, it would be expected that the distri-
bution of the apparent contour length for PSS mole-
cules is closely related to the distribution of the degree
of sulfonation.
In conclusion, l-PSS and c-PSS was prepared by a

living anionic polymerization and a subsequent sulfo-
nation reaction, and isolated l-PSS and c-PSS mole-
cules on mica were directly observed by AFM. The
molecule was adsorbed on a mica substrate two di-
mensionally, and the contour length of the molecule
was reasonably in good agreement with the calculated
one from its molecular structure. In summary, the
ring-shaped structure of a synthetic cyclic polymer

(c)
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200 nm
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0.0 nm

(b)(a)
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Figure 3. AFM images of (a) l-PSS and (b) c-PSS on mica substrate, in which arrows indicate isolated macromolecules, and (c) an

enlarged image of (b). (d) A schematic representation of a cyclic molecule on a two dimensional plane.
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was evidently confirmed based on the direct observa-
tion of the individual chains by AFM, and the results
obtained in the present work greatly contribute to the
study on cyclic polymers.
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