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ABSTRACT: The structure of slide-ring (SR) gels in various types of solvents was investigated by small-angle
X-ray scattering (SAXS). The SR gels have a unique characteristic called the “pulley effect” that the cross-links
made ofR-cyclodextrin molecules in a figure-eight shape can slide along the polymer chain. The SAXS results
show that, in a poor solvent, the sliding cross-links form aggregates that prevent the pulley effect, while the
polymer chains freely pass through the cross-links acting like pulleys in a good solvent. A vertically elliptic
pattern was observed in two-dimensional SAXS profiles for covalent-bonded chemical gels in a good solvent
under uniaxial horizontal deformation, while an isotropic profile was observed for the SR gels in a good solvent
even under deformation. This difference in the deformation mechanism between the SR gels and the chemical
gels supports the pulley effect of the SR gels.

Introduction

Supramolecules with the topological characteristics have
attracted a great interest.1-3 A typical example is provided by
polyrotaxanes in which many cyclic molecules are threaded on
a single polymer chain and are trapped by capping the chain
with bulky end groups.4 The polyrotaxane consisting ofR-cy-
clodextrin and poly(ethylene glycol) (PEG) is well-known.5-7

This architecture has been attracting attention also as a new
technique for making a functional material in recent years.8-15

Slide-ring (SR) gel16,17(previously called “polyrotaxane gel”)
is a new type of gel synthesized by cross-linking cyclodextrins
(CDs) contained in the sparse polyrotaxanes in solutions.
Polymer network of SR gel consists of polymer chains with
bulky end groups, and they are topologically interlocked by
figure-eight cross-links of CDs. Therefore, we can classify the
SR gel into “topological gel”. The SR gel attracts much attention
due to its unique characteristic nature, and has a high potential
for many applications, such as biomaterials, cosmetic, and soft
actuator. One of the remarkable characteristics of the SR gel is
a “pulley effect”, where the polymer chains freely pass through
the cross-links, which act as pulleys. When the gel is stretched,
it is assumed that the nanoscopic homogeneity in structure and
stress is equalized due to the pulley effect. Characteristic
structures of the SR gel have been studied by small-angle
neutron scattering (SANS)18,19 and dynamic light scattering.20

SANS is widely used to investigate the structure of gels because
the scattering length of samples can be controlled by deuteration.
Furthermore, scattering length of neutron is determined by not
electrons but nuclei, which makes SANS suitable to study the
structure of gels composed of light elements. It is widely known
that the scattering pattern of stretched gel shows characteristic
anisotropic pattern, the so-called “abnormal butterfly pattern”,21-27

which has been explained by several theoretical functions
proposed by Onuki28 and by Panykov and Rabin.29,30The origin

of the abnormal butterfly pattern is considered to be the
anisotropy of nanoscopic inhomogeneity in structure that is
induced by the elongation.22 The inhomogeneity is inherent in
the gelation process, and the small-angle scattering pattern of
many stretched gels show the abnormal butterfly pattern.21-27

It is, however, not the abnormal butterfly pattern but a “normal”
butterfly pattern that is observed in SANS of stretched SR gels,
where the normal butterfly pattern is an elliptic pattern with
the long axis perpendicular to the stretching direction.19 The
results suggest that the nanoscopic inhomogeneity of the SR
gels is greatly different from that of the chemical gels.

To clarify the characteristic structure of SR gels, we
performed small-angle X-ray scattering (SAXS) of SR gels
focusing on the structure of movable cross-links. The main
advantage of SAXS over SANS is that the exposure time is
shorter due to the high brilliance of synchrotron radiation X-rays.
The short exposure time makes it possible to study the structure
of gels in various kinds of evaporable solvents. Combination
of synchrotron radiation with a two-dimensional detector that
has a high sensitivity enables us to investigate the kinetics of
molecular structures. Although SAXS has such advantages, few
SAXS studies have been performed on the structural change of
gels under elongation. This mainly results from the lack of the
scattering length contrast. However, in the SAXS of the SR
gels, this does not matter as will be described in this paper. We
can observe the structure of SR gels from sufficient scattering
by aggregates of CDs and figure-eight cross-links in addition
to scattering by chain conformations. The mobile cross-links
in the SR gels may lead to the formation of aggregates in a
poor solvent. In this study, SAXS measurements were carried
out to elucidate the nature of the pulley effect in relation to the
condition of the solvent, which is expected to govern the
formation of aggregates. We also measured the SAXS of the
stretched SR gels in order to elucidate the role of the pulley
effect in the deformation of the SR gels.

Experimental Section.
Preparation of Slide-Ring Gels and Chemical Gels.We used

two types of SR gels and a chemical gel as the samples. Both types
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of SR gelsselectrolyte SR hydrogel and neutral SR gelsare
synthesized from polyrotaxanes (iAPR) composed ofR-CD and
poly(ethylene glycol) (MW) 35 000, Fluka) capped with 1-ada-
mantanamine.31 The filling rate of R-CD to a full filling state is
expressed by the inclusion ratio. In fully filled polyrotaxane, a single
R-CD molecule includes two ethylene glycol monomers. We
defined the inclusion ratio of this polyrotaxane as 100%. We can
calculate the inclusion ratio by comparing the integrations of peaks
from OH groups and other hydrogen in1H NMR results because
only CD molecule has hydroxyl groups.16,31The inclusion ratio of
the SR gel used in this study was 25%. This means that our
polyrotaxane contains about 100 CD rings on a PEG chain, which
has about 800 ethylene glycol monomers.

Electrolyte SR Hydrogel. iAPRs (150 mg) was dissolved in
0.75 mL of 1 N sodium hydroxide (NaOH) aqueous solution at 5
°C. Cyanuric chloride (Tokyo Kasei Co.) (52.5 mg), dissolved in
1 N NaOH (0.75 mL), was dissolved in the iAPR solution to initiate
the cross-linking reaction. The solution was poured into a sheet
mold, 1.0 mm thick. After 5 h atroom temperature, we obtained a
transparent SR gel. We cut the gel sheet correctly to small
rectangular samples (20 mm× 6.5 mm). We dissolved glycine (10
g) in 1 N NaOH aqueous solution (100 mL) and immersed the
hydrogels in it overnight to terminate cross-linking reaction and to
introduce carboxyl groups on active cross-linkers on CDs. The
hydrogels were washed in a mixture of H2O-ethanol repeatedly
and then dried. We checked the weight of the dried gels, and we
sorted them out so that the distribution of dry weight might become
less than(2%. The dried hydrogels samples were put into small
plastic bags (30 mm× 30 mm) together with NaCl or NaOH
aqueous solutions (100µL) to make all swelling ratios almost same
as grown, and the bags were heat-sealed until X-ray measurements
were perfomed to avoid evaporation of the solvents. Sample codes
of the electrolyte SR hydrogels are shown in Table 1. Electrolyte
SR hydrogels have many carboxyl groups originating in glycine.
Therefore, NaCl aqueous solution and NaOH aqueous solution are
the poor solvent and the good solvent, respectively. We checked
that all the samples except samples CL1 had absorbed the solvent
completely before the experiment. Sample CL1 has absorbed about
only 70% of the given solvent, because 1 N NaCl is strong poor
solvents for the electrolyte SR hydrogel. All the SR hydrogels were
transparent regardless of the solvent quality.

Neutral SR Gel. iAPRs (225 mg) was dissolved in 1.5 mL of
dimethyl sulfoxide (DMSO; Wako Chemicals). Divinyl sulfone
(DVS; Wako Chemicals) (100µL) was dissolved in DMSO (1.0
mL) and was used as a cross-linker.32 This DVS solution (150µL)
and 0.1 N NaOH aqueous solution (90µL) were dissolved in iAPRs
solution. The solution was poured into a sheet mold of 1.0 mm
thickness. After 1 h atroom temperature, we got a transparent SR
gel. The gel sheet was cut to small rectangular samples (20 mm×
6.5 mm). The gel samples were immersed in water repeatedly to
change solvent and then dried. After weight distribution was
checked, the dried gel samples were put into small plastic bags
(30 mm× 30 mm) together with H2O-DMSO mixture (100µL)
to make all swelling ratios almost same as grown and heat-sealed.
Their mixing volume ratios of DMSO to water in solvent were
chosen to be 0 to 10, 1 to 9, 2 to 8, 3 to 7, 4 to 6, 5 to 5, 6 to 4,
7 to 3, 8 to 2, 9 to 1, and 10 to 0. Accordingly, the sample codes
of neutral SR gels were defined as D0W10, D1W9, D2W8, D7W3,

D6W4, D5W5, D6W4, D7W3, D8W2, D9W1, and D10W0 as
shown in Table 2. We checked that all gels had absorbed all solvents
before the experiment. All gels were transparent regardless of the
solvent quality.

Poly(acrylamide) Gel. Poly(acrylamide) hydrogels were used
in order to compare the structure of SR hydrogels and that of
covalently bonded chemical gels. The gels were prepared by free-
radical cross-linking polymerization of acrylamide (AAm; Wako
Chemicals) with a small amount ofN,N-methylenebis(acrylamide)
(BAAm; Wako Chemicals) as a cross-linker in aqueous solution.
Ammonium persulfate (APS; Wako Chemicals) andN,N,N,N-
tetramethylethylenediamine (TEMED; Wako Chemicals) were,
respectively, the initiator and accelerator.33 AAm (500 mg), BAAm
(13.3 mg), and APS (4.0 mg) were dissolved in distilled water (10
mL). After addition of TEMED (24µL), the solution was poured
into a sheet mold, 1.0 mm thick. After 24 h at room temperature,
we obtained a transparent AAm hydrogel. The gel sheet was cut
into small rectangular samples (20 mm× 6.5 mm) and dried. The
dried gel samples were put into small plastic bags (30 mm× 30
mm) together with H2O (100µL) and heat-sealed.

SAXS Experiment.SAXS experiments were performed at BL-
15A, Photon Factory (Tsukuba, Japan).34 The X-ray wavelength,
λ, was 1.50 Å. As SAXS detector, an X-ray CCD detector (C4880-
50-26, Hamamatsu) coupled with a 150 mm diameter X-ray Image
Intensifier35 was used. The high sensitivity of this detector enables
us to obtain SAXS patterns in a few seconds. This is extremely
crucial in this study because the SR gels are easily damaged by
the X-ray radiation. By observing the change of SAXS patterns,
we concluded that X-ray exposure (∼1010 photons/s) of more than
60 s causes the radiation damage of the SR gels, because SAXS
patterns started to change after a 60 s exposure due to the radiation
damage. Therefore, we limited the exposure time to less than 10 s.
Samples were placed in a uniaxial stretching machine, which was
controlled from the outside of the experimental hutch. The sample-
to-detector distance was around 2100 mm, which was later
calibrated with a silver behenate diffraction peak.36 In this setup,
the SAXS patterns of 0.08 nm-1 < q < 0.8 nm-1 were recorded,
whereq ) 4π(sin θ)/λ is the magnitude of scattering vector and
2θ is the scattering angle.

Results and Discussion

Static Structure of SR Gels. Figure 1 shows circularly
averaged SAXS intensity profiles of the electrolyte SR hydrogels
on a log-log scale. The SAXS profile of OH01 is well fitted
with Lorentzian function (ú ) 25 Å)

whereA is the scattering intensity atq ) 0. This clearly indicates
that the polymer chains in OH01 behave as Gaussian chains.
As the fraction of NaOH reduces, the scattering intensity
drastically increases. To reveal the structural characteristics, we
use a Kratky plot,I(q)q2 vs q.37 The scattering profile from a
Gaussian chain molecule has a region at moderate angles where
the scattering intensity is proportional toq-2 and a region at

Table 1. Solvent Conditions and Sample Codes of Electrolyte SR
Hydrogels

sample code solvent

OH1 1 N NaOH(aq)
OH01 0.1 N NaOH(aq)
OH001 0.01 N NaOH(aq)
OH0001 0.001 N NaOH(aq)
W water
CL0001 0.001 mol/l NaCl(aq)
CL001 0.01 mol/l NaCl(aq)
CL01 0.1 mol/l NaCl(aq)
CL1 1 mol/l NaCl(aq)

Table 2. Solvent Conditions and Sample Codes of Neutral SR Gels

sample code
vol ratio

of DMSO
vol ratio
of water

D0W10 0 10
D1W9 1 9
D2W8 2 8
D3W7 3 7
D4W6 4 6
D5W5 5 5
D6W4 6 4
D7W3 7 3
D8W2 8 2
D9W1 9 1
D10W0 10 0

I1 (q) ) A/(1 +ú2q2)

Macromolecules, Vol. 39, No. 21, 2006 Pulley Effect of Slide-Ring Gels 7387

CDV



higher angles where the scattering intensity tends to be
proportional toq-1. The Kratky plot of such a profile shows a
monotonically increasing curve with a plateau. On the other
hand, the scattering profile from a globular object has a region
where it obeys Porod’s law, that is,I(q) ∼ q-4. Therefore, the
Kratky plot of a globular object should have a peak, and its
peak position should depend on the radius of gyration,Rg. Figure
2 shows Kratky plots of the Electrolyte SR hydrogels. We can
clearly see the structural differences among the gels in different
solvents. When the solvent is 0.1 N NaOH(aq), the scattering
profile shows a monotonically increasing curve. It means that
the iAPR chains in SR gels behave like Gaussian chain and
that the figure-eight cross-links are not disturbing intrinsic
conformation of long iAPR chains in good solvent. On the other
hand, the scattering profiles on SR hydrogels absorbing the other
solvents show a clear peak at aroundq ) 0.03 Å-1. These results
indicate that the globular aggregates were formed in these
solvents, and the size of aggregates is estimated to be some
nanometers from the peak position in the Kratky plots. It is
supposed that the electric dissociation of carboxyl groups on
CDs and cross-links is suppressed at low pH, and that the
repulsive force between cross-links is screened in NaCl solu-
tions. The original iAPR without carboxyl groups is insoluble
in water because of hydrogen bonds between CDs.7 Though
the inclusion ratio of CDs in the iAPR is low (25%),31 CDs
occupy more than 70% in weight ratio of dried SR hydrogel.
Different from chemical gels, the figure-eight cross-links can
slide freely on PEG chains to form nanoscopic aggregations
without sharp entropy reduction of PEG chains. Therefore, it is
surmised that the figure-eight cross-links can form aggregates
easily by the hydrogen bond.

This idea that the CDs form aggregate in poor solvent is
supported by the difference of the solubility between CD and
PEG in each solvent. We investigated the solubility of CD and
PEG in each solvent. First, we dissolved PEG in 30 wt % of
high concentration in 0.1 N NaOH aqueous solution, distilled
water, and 0.1 mol/L NaCl aqueous solution. All the viscous
solutions were clear and their viscosities were same. This result
indicates that all the solutions are good solvents for PEG.
Furthermore, concentration of PEG in the SR gel sample is only
2.5 wt %, and the thin PEG chains (0.3 nm) are covered with
largeR-CD molecules the outer diameter of which is about 1.5
nm. We can conclude that the physical interaction between PEG
in SR gels is not important as the driving force to form
aggregation. On the other hand, solubility ofR-CD shows clear
solvent dependence. The concentrations ofR-CDs in the
saturated solution were 13 wt % in distilled water and 0.1 mol/L
NaCl aqueous solution, and 22 wt % in 0.1 N NaOH aqueous
solution at room temperature. Therefore, we can conclude that
the figure-eight cross-links form aggregates.

A similar structural transition on the gradation of solvent
composition is observed for the neutral SR gels synthesized in
DMSO. Figure 3 shows a Kratky plot of SAXS intensity profiles
of the neutral SR gels. The profiles of SR gels absorbing good
solvents with high DMSO ratios (100-80%) show very weak
scattering intensity profiles without peaks, which are similar to
those observed on the electrolyte SR hydrogel in 0.1 N NaOH.
On the other hand, when the DMSO ratio becomes 70% or less,
the profiles show a sudden increase of scattering intensity with
a clear peak at aroundq ) 0.03 Å-1, the same as the results for
SR hydrogels in poor solvents. Therefore, CDs form aggregates
regardless of the type of SR gel.

To investigate the structural dependence on the solvent more
precisely, we fit the SAXS profiles of SR gels in poor solvents
with the two following functions (I2(q) and I3(q)): one is the
Guinier function corresponding to scattering from aggregates
of CDs

whereRg is the radius of gyration of the object andIg is the
scattering intensity atq ) 0, which is proportional to the square
of aggregate volume.37 The other function expresses the
scattering due to the correlation between these aggregates

Figure 1. Circularly averaged SAXS intensity profiles of the electrolyte
SR hydrogels. The line shows the fitting results of OH01 byI1(q).

Figure 2. Kratky plot of the electrolyte SR hydrogels.

Figure 3. Kratky plot of the neutral SR gels.

I2 (q) ) Ig exp (-Rg
2q2/3)

I3(q) ) B exp (-C(q - qc)
2)
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whereqc ) 2π/ê and ê is the distance between neighboring
aggregates. Figure 4 shows the results of the fitting. The results
show that bothRg and Ig increase by increasing the degree of
poor solvent. This indicates that the repulsive force between
cross-links is screened in poor solvent so that the cross-links
form large aggregates when the degree of poor solvent increases.
Also the distance between the aggregates increases by increasing
the degree of poor solvent. It is noted thatê in CL1 is smaller
than that in CL001 and CL01. This discrepancy is considered
to originate from the insufficient swelling of the gel. We added
solvents of same volume (100µL) to each sample in order to
equalize the swelling ratio. However, in the case of CL1, the
solvent could not be absorbed sufficiently, because the equi-
librium volume in 1 N NaCl was smaller than the volume we
expected to prepare. Thus, the distance between the aggregates
is considered to become smaller than expected.

From the above results, we propose the model of the pulley
effect of SR gels as shown in Figure 5. In a good solvent, the
polymer chains freely pass through the cross-links acting like
pulleys. Therefore, the SR gels are very homogeneous without
higher order structure like polyrotaxanes solutions, and we could
observe the polyrotaxanes behaving as a Gaussian chain. In a
poor solvent, the CDs and cross-links form aggregates as shown
in Figure 5, and it would become difficult for the polymers to
pass through the cross-links: the pulley freezes and the pulley
effect is lost.

Structure of SR Gels under Elongation.To elucidate the
role of the pulley effect in the deformation of SR gels, SAXS
patterns of the stretched gels were investigated. In Figure 6,
SAXS patterns of the electrolyte SR hydrogels before and after
elongation are shown. The stretching direction is horizontal in
the figure and the elongation ratio is expressed byε ) (L +
∆L)/L, whereL and∆L is the initial length and the elongation
length of the sample, respectively. As clearly seen, the SAXS
patterns of the hydrogels before elongation are isotropic. On

the other hand, atε ) 1.5, they show abnormal butterfly patterns
in poor solvents, while they show no anisotropy in a good
solvent. The behavior of the scattering pattern of SR hydrogels
in a poor solvent under elongation is similar to those known
for the inhomogeneous chemical gel in SANS studies. The origin
of the SAXS abnormal butterfly pattern can be explained by
analogy with the SANS of the chemical gel. CDs of the SR
gels in a poor solvent form aggregates, which leads to the
formation of nonmovable cross-links. Therefore, the cross-links
of the SR gels in a poor solvent behave like those of chemical
gels. Thus, the SR gels in a poor solvent inherently possess the
structural inhomogeneity similar to the chemical gel. The
inhomogeneities are implicit in the undeformed state as CDs
aggregation shown in Figure 2, but they become explicit under
elongation as abnormal butterfly pattern. On the other hand,
the inhomogeneities in the SR gels in a good solvent do not
increase under elongation, because the polymer chains freely
pass through the cross-links in a good solvent. It is noted that
the relationship between the aggregate formations of cross-links
and the appearance of the abnormal butterfly pattern was clearly
observed in Figure 6. These results strongly suggest that the
figure-eight cross-links work as pulleys in a good solvent but
that they do not in a poor solvent.

Comparison of the Structure with Chemical Gels.Next
we compare the 2D-SAXS patterns of the SR gels with that of
chemical gel in a good solvent. Figure 7 shows the SAXS
patterns of the AAm gels and the SR hydrogels in a good
solvent. The gels are stretched horizontally (ε ) 1.5). The SAXS
of the SR gel shows no anisotropy as shown before. On the
other hand, the SAXS of the AAm gel shows an elliptic pattern
with its long axis perpendicular to the stretching direction
(ellipticity ∼ 1.2). This scattering pattern indicates that the form
factor of polymer chains is deformed under the elongation. The

Figure 4. Dependence of the radius of gyration of the aggregates (Rg),
scattering intensity atq ) 0 (Ig) and the distance between aggregates
(ê) on the solvent of the electrolyte SR hydrogels.

Figure 5. Schematic view of the SR gels in a poor solvent (right) and
a good solvent (left). The CDs slide on polymer network to form
aggregates in a poor solvent.

Figure 6. SAXS patterns of the electrolyte SR hydrogels in various
aqueous solutions (upper) before elongation and (lower) after elongation.
OH01 shows an isotropic pattern while the others show butterfly
patterns.

Figure 7. SAXS patterns of (a) the stretched AAm gels and (b) the
stretched SR gels in a good solvent. The sample is elongated horizontal
direction in the images and the stretching ratio,e, is 1.5.
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vertically elliptic pattern corresponds to the horizontally elon-
gated polymer chains.

Deformation Model of SR Gels under Elongation.As
shown in Figure 7, the 2D-SAXS pattern of the AAm gel in a
good solvent shows a vertically elliptic pattern, while that of
the SR hydrogel in a good solvent shows an isotropic pattern.
This difference can be explained by the following model (Figure
8). In the AAm gel, the cross-links are covalently bonded and
they cannot move with respect to the polymer chains by
deformation. Therefore, when the gel is stretched, the polymer
chains connecting the cross-links in the direction parallel to the
elongation are stretched parallel to the elongation while those
connecting the cross-links vertically are compressed in the
direction perpendicular to the elongation. Thus, the polymers
are deformed as shown in the Figure 8a, which leads to the
vertically elliptic SAXS pattern. On the other hand, the polymer
chains of the SR gel freely pass through the cross-links due to
the pulley effect, when the gel is stretched. Therefore, the tension
at the horizontally stretched parts and the vertically compressed
parts of polymers can be equilibrated by the interchange of the
chains passing through the cross-links to maximize the entropy.
Thus, the polymers of the SR gel in a good solvent maintain an
isotropic structure even under elongation.

This model is supported by the SAXS patterns of SR gels in
various solvents. Figure 9 shows the SAXS patterns of the

electrolyte SR hydrogels under horizontal elongation, where the
larger beam stop was used to hide the abnormal butterfly patterns
in a lowerq range. The SAXS patterns of the SR gel in a poor
solvent shows vertically elliptic pattern while those in a good
solvent show isotropic pattern. These results are explained as
follows. In a poor solvent, CDs aggregates and the cross-links
are no longer movable, making the pulley effect inactive. The
situation is similar to that for the covalently bonded chemical
gels. Therefore, the form factor of polymer chains is deformed
in the same way as that of the chemical gels when stretched.
This deformation should cause the elliptic SAXS patterns with
its long axis perpendicular to the stretching direction.

Conclusion

Structure of the SR gels and the pulley effect is investigated
by 2D-SAXS. In a good solvent, the polymer chains of the SR
gel freely pass through the cross-links that act like pulleys. When
the SR gel in a good solvent is stretched, it shows isotropic
SAXS patterns due to the pulley effect. On the other hand, the
cross-links form aggregates in a poor solvent and the pulley
effect becomes inactive. The stretched SR gel in a poor solvent
shows similar SAXS patterns to those of the chemical gels.
Thus, we have succeeded in elucidating the behavior of the
pulley effect of the SR gel in various solvents.
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