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Abstract

Polyrotaxane fiber and polyrotaxane/cellulose blend fibers were prepared by wet-spinning of the polyrotaxane or polyrotaxane/cellulose
blend solution dissolved in the new solvent system, i.e. dimethylacetamide/lithium chloride (DMAc/LiCl), into methanol and a subsequent
annealing. In the resultant polyrotaxane/cellulose fiber, some undissolved rodlike cellulose microcrystals were oriented along with the fiber
axis, resulting in formation of nanocomposite-like structure. From tensile measurements, it was found that the Young’s modulus and tensile
strength of the fibers with polyrotaxane/cellulose ratio of 1:1 and 2:1 were higher than those of the pure cellulose fiber. Although the mechanical
properties of the fiber with polyrotaxane/cellulose ratio of 4:1 and the pure polyrotaxane fiber were lower than those of the pure cellulose fiber,
these fibers showed significantly large strain at break (up to 90% strain), presumably due to the sliding of the cyclodextrin rings of the
polyrotaxane in the fibers.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyrotaxane is a typical supermolecule in which many
cyclic molecules are threaded onto a single linear molecule
whose end is capped with bulky functional groups to prevent
dethreading. A polyrotaxane consisting of poly(ethylene gly-
col) (PEG) and a-cyclodextrins (a-CD) was first successfully
synthesized by several research groups in the 1990s [1e5],
and is the most investigated polyrotaxane to date [6e16].
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This polyrotaxane is intriguing not only as an object of supra-
molecular study but also as a precursor of novel soft materials.
As well as the preparation and investigation of nano-scale su-
pramolecular materials such as molecular tubes [2b] and insu-
lated molecular wires [7], it has been applied as a component
of macroscopic materials with supramolecular networks, such
as polyrotaxane gels [6,12e14]. Most of these, however, con-
sist almost completely of polyrotaxane, and there have been
few studies of materials prepared using a combination of poly-
rotaxane and other components [6]. One reason for this is a
lack of good solvents for the polyrotaxane; it was initially
reported to be soluble only in DMSO and aqueous sodium
hydroxide solution, and insoluble in all other solvents [1,2].
This infusibility strongly restricted the application of polyro-
taxane in blending, casting and molding techniques. Recently,
some of the authors achieved dissolution of the polyrotaxane
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in several new solvent systems, including a dimethylacet-
amide/lithium salt system [15] and ionic liquids [16]. The dis-
covery of these new solvents for polyrotaxane allows the
possibility of a wider variety of polyrotaxane modifications
[15], as well as the potential for innovative investigations of
polymer blends containing polyrotaxane, because dimethyl-
acetamide/lithium chloride (DMAc/LiCl) is known to dissolve
a wide variety of polymers, including cellulose, chitin and
polyamide [17]. A DMAc/LiCl solvent has been utilized in
polymer blending as a cosolvent for synthetic polymer and
natural crystalline polysaccharides [18], and fiber spinning
of regenerated cellulose from this solvent has also been inves-
tigated [19]. As reported previously, the PEG/CD polyrotaxane
was readily dissolved in DMAc/LiCl solvent, presumably due
to the interruption of inter- and intramolecular hydrogen bond-
ing between polyrotaxane CD molecules by DMAc/LiCl
macro-cation complexation of CD hydroxyls [15a], in a similar
process for the dissolution of cellulose [17,18]. The dissolu-
tion of the polyrotaxane and the above-mentioned polymers
in DMAc/LiCl encouraged us to prepare a blend polymer of
the polyrotaxane and cellulose, and to attempt fiber spinning
from it. In the present study, fiber spinning from polyrotaxane
and cellulose was examined in a first attempt to blend polyro-
taxane with another polymer. The fibers obtained were charac-
terized by polarized optical microscopy, X-ray diffractometry
and tensile measurements.

2. Experimental

The polyrotaxane, supplied by Advanced Softmaterials
Inc. (Tokyo, Japan), consisted of a-CD, poly(ethylene glycol)
carboxylic acid (PEG-COOH) and a terminal adamantane
moiety, and is essentially the same as the sample prepared in
our previous study [10]. According to information from the
supplier, the polyrotaxane contained 90e100 CDs in a single
molecule, corresponding to an inclusion ratio of ca. 25%.
Microcrystalline cellulose (CF11, Whatman, UK) was used
as received. Other chemicals were purchased from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan). Dimethylacet-
amide (DMAc) was kept over dried 4 Å molecular sieves.
Anhydrous lithium chloride (LiCl) was dried when necessary
at 105 �C for 2 h.

Cellulose was dissolved in DMAc/LiCl with preheating, as
reported previously [17a,20,21], although this method has
been reported to cause partial degradation of the cellulose
chain. The solvent exchange technique [17d,18c,21], which
does not cause degradation, may be used as an alternative.
Five grams of cellulose was dispersed in 100 ml of DMAc
and heated at 130 �C for 2 h. After the mixture had been
cooled to 100 �C, 10 g of LiCl was added to the mixture and
further stirred to give a transparent solution, followed by cool-
ing to room temperature; the solution was used directly in the
following procedure. Polyrotaxane solution in DMAc/LiCl
(8%) solvent, with a polymer content of 10%, was prepared
by overnight stirring at room temperature. Although gentle
heating up to 60 �C was found to accelerate dissolution (for
example, to within several hours), high temperatures (above
80 �C) should be avoided due to the possibility, as previously
reported, of decomposition of polysaccharides by activated
species generated in DMAc/LiCl [22]. For spinning of the
pure polyrotaxane fiber, a solution of 20 wt% polyrotaxane
content was prepared, as spinning from a more dilute solution
was found to be difficult. For blending with the cellulose
solution, a 10 wt% solution was prepared.

Blended solutions of cellulose and polyrotaxane were
prepared by vigorously mixing the polyrotaxane and cellulose
solutions at various ratios (1:2, 1:1 and 2:1, corresponding to
polymer weight ratios of 1:1, 2:1 and 4:1). The mixed solu-
tions were extruded from a syringe equipped with a cut pipette
tip into a coagulation bath filled with methanol. The resulting
coagulated gel-like fiber was wound around a polypropylene
centrifugation tube, followed by drying in an oven at 60 �C.

The morphologies and optical anisotropy of the fibers were
observed with a polarized optical microscope (Olympus
BX51M). Wide angle X-ray scattering measurements of the
fibers were performed using a Rigaku RU-200BH rotating
anode X-ray generator equipped with a flat-plate vacuum
camera. Ni-filtered Cu Ka radiation (l¼ 0.1542 nm) generated
at 50 kV and 100 mA was collimated by a pinhole of 0.3 mm
diameter. Diffraction images recorded on a Fuji Imaging Plate
were converted into 2qeintensity profiles using Rigaku
R-AXIS software. Camera length was calibrated using crystal-
line sodium fluoride. Young’s moduli and tensile strengths of
the fibers were measured using an RSAIII (TA Instruments)
at room temperature. The measurements were performed on
a monofilament of each fiber with a span length of ca.
15� 1 mm (slightly varied for samples) at a tensile speed of
1/100 of the initial span length per second (i.e. 0.15 mm/s
for a sample with initial span length of 15 mm). The effect
of these slight variations in span length and tensile speed on
the results may be negligible. The cross-sectional areas of
the fibers were calculated from the optical microscope images
under the assumption that the cross section was elliptical (for
the pure polyrotaxane fiber, diameter 70� 160 mm) or circular
(for the blend fiber, diameter 180 mm). Independent results
from 10 pure polyrotaxane fibers and five other fibers were
averaged.

3. Results and discussion

With a series of procedures described above, flexible fibers,
some of which are shown in Fig. 1, were prepared from a pure
cellulose solution, a pure polyrotaxane solution or a mixture of
both in DMAc/LiCl (8e9% LiCl concentration) by wet-
spinning into methanol followed by annealing at 60 �C. Opti-
cal and polarized optical micrographs of the fibers, shown in
Fig. 2, show a number of characteristics. The diameter of
the pure polyrotaxane fiber is ca. 70� 160 mm, and that of
the blend fiber is ca. 180 mm. The pure polyrotaxane fiber
seemed to have an elliptical cross section, since the width of
the fiber observed under an optical microscope changed peri-
odically between 70 and 160 mm by rotating the fiber. The size
and shape of the cross-sectional areas presumably depend on
that of the scissored pipette tip used in preparation, or softness
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Fig. 1. Appearances of: (a) pure polyrotaxane fiber and (b) polyrotaxane/cellulose hybrid fiber (solution mixing ratio of 1:2, polymer weight ratio of 1:1). Note that

the ratio described in the photograph are the volume ratios of the both solutions, not the polymer weight ratios.

Fig. 2. Optical micrographs of: (a) pure polyrotaxane fiber and (b) polyrotaxane/cellulose hybrid fiber (polymer weight ratio of 1:1), and polarized optical micro-

graphs of (c) pure cellulose fiber (part of the fiber shows birefringence) and (d) polyrotaxane/cellulose hybrid fiber (polymer weight ratio of 1:1). All scale bars are

200 mm. Although the pure polyrotaxane fiber (a) has an elliptical cross section (see the text), only a micrograph from one direction is presented.
of the fibers just after extrusion into methanol; namely, the
pure polyrotaxane fiber which was relatively soft gel-like at
the extrusion might be pressed during winding to form an
elliptical cross section, whereas the fibers blended with cellu-
lose were rapidly coagulated in the methanol bath and
unchanged morphologically by winding. The surface texture
is smooth, without any apparent phase separation; and there
is a certain degree of optical anisotropy, which is enhanced
by extrusion. In the spinning process, the choice of dissolution
medium and coagulation bath seemed to be essential, since
other combinations such as DMSO and water did not show
good spinnability, resulting in a bulky precipitation of
polyrotaxane.

Wide angle X-ray scattering (WAXS) fiber diagrams of sev-
eral fibers are shown in Fig. 3, together with the corresponding
2qeintensity profiles. The diffraction pattern of the pure poly-
rotaxane fiber showed several peaks at 5.3�, 12.8�, 19.7� and
22.4�, corresponding to the (100), (110), (210) and (300)
planes of crystalline polyrotaxane [23]. No specific orientation
of the polyrotaxane crystals was shown by diffraction. The
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WAXS results for the pure cellulose fiber showed a mixed
profile of two crystal forms of cellulose, namely ‘‘native’’
cellulose I and ‘‘regenerated’’ cellulose II. Strong crystalline
peaks at 14.8�, 16.8� and 22.6� correspond to the (110),
(1�10), and (200) planes of cellulose I crystals [24], while
a broad crystalline peak at around 19.8� is due to (1�10) plane
of cellulose II crystals [24]. The X-ray profile of the polyrotax-
ane/cellulose¼ 1:1 fiber consisted of all of the above peaks in
an overlapping arrangement, although it was obscured by the
low degree of crystallinity.

The cellulose regenerated from DMAc/LiCl solutions after
complete dissolution has been reported to form the cellulose II
crystal form [18], so the present results suggest that the disso-
lution of cellulose was somewhat incomplete: the starting cel-
lulose solution in the DMAc/LiCl system probably contained
a certain amount of undissolved native cellulose crystallites,
so-called ‘‘cellulose microcrystals’’, with a size of ca. 10�
150 nm [25]. Previous reports have demonstrated that com-
plete dissolution of native cellulose in DMAc/LiCl is
attained only after strongly dedicated efforts [17,18].

Fig. 3. (Left) X-ray fiber diagrams of: (a) pure polyrotaxane fibers, (b) poly-

rotaxane/cellulose hybrid fibers (polymer weight ratio of 1:1) and (c) pure

cellulose fibers. (Right) 2qeI profiles of: (a) pure polyrotaxane fibers,

(b) polyrotaxane/cellulose hybrid fibers (polymer weight ratio of 1:1) and

(c) pure cellulose fibers.
Dissolution of cellulose at molecular level requires lengthy
stirringdsometimes up to a monthdin solvent, and even
then the remaining undissolved cellulose particles must be
removed by filtration [18]. Even at low concentrationsdless
than 1% cellulose contentdlight scattering studies suggested
the presence of aggregated structures in the solvent [17d].
The aggregation of cellulose molecules may be unavoidable
at the high concentrations required in the present study.
Although the dissolution procedure employed here is useful
for the preparation of concentrated cellulose solutions, which
are used for preparing materials such as fibers or hydrogel
films [20], the fibers obtained in the present study are not
so-called ‘‘miscible polymer blends’’, and are not appropriate
for estimation of molecular level blending or molecular
miscibility.

The partial infusibility of cellulose in the present sample,
however, is responsible for another characteristic feature of
the spun fibers. The X-ray diffractograms in Fig. 3 clearly
show the orientation of the rodlike cellulose microcrystals
by the local distribution of cellulose I crystal diffractions
around the equator. The results indicate that in the fiber, the
oriented rodlike cellulose microcrystals are covered with
a mixed matrix of crystalline cellulose II and polyrotaxane,
forming a nanocomposite-like structure. An analogous ‘‘all-
cellulose’’ nanocomposite [26] was prepared via a method
similar to ours, i.e. partial dissolution of native microcrystal-
line cellulose in DMAc/LiCl solvent, followed by molding.
The formation of a nanocomposite structure, which is retained
in the polyrotaxane/cellulose blend fiber, seems to contribute
to the strength of the blend fiber: the rodlike cellulose micro-
crystals, already effectively utilized in other nanocomposite
systems [27], are expected to have a high Young’s modulus
(ca. 130e150 GPa [28]) and high tensile strength (in the order
of 10 GPa [26,29]).

Typical stressestrain curves of the fibers are shown in
Fig. 4, and the Young’s modulus and tensile strength calcu-
lated from the curves are listed on Table 1 with standard
deviation. Since only the sample profiles with the highest elon-
gations are plotted in Fig. 4, the Young’s modulus and the
stress at break slightly deviate from the averaged values in

Fig. 4. Typical stressestrain curves of the fibers.
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Table 1

Polymer composition (polymer weight ratio) and average mechanical properties (Young’s modulus, tensile strength and elongation at break) of the fibers

Samples Polymer weight ratio

(polyrotaxane/cellulose)

Young’s modulus, Pa Tensile strength, Pa Elongation at break, %

Pure cellulose fiber 0:1 3.41� 0.99� 109 6.65� 1.54� 107 14.2� 6.2

Blend fiber 1:1 1:1 5.01� 0.57� 109 9.50� 1.02� 107 12.6� 2.1

Blend fiber 2:1 2:1 4.23� 0.42� 109 8.44� 0.81� 107 20.5� 3.4

Blend fiber 4:1 4:1 2.92� 0.67� 109 5.53� 0.85� 107 34.1� 34.2

Pure polyrotaxane fiber 1:0 7.08� 0.30� 108 1.16� 0.10� 107

(9.18� 1.66� 106)a
39.8� 33.8

All mechanical data are accompanied by standard deviation.
a The yield stress is expressed as the tensile strength of the pure polyrotaxane fiber since it was higher than the stress at break. The average stress at break is

described in the parenthesis (see text).
Table 1. It should be noted that the mechanical properties of
our pure cellulose fiber were found to be significantly lower
than those reported for the conventional regenerated cellulose
fibers or films [19,26], contrary to our anticipation of re-
inforcement by the formation of nanocomposite structures,
as stated above. Since a reasonable explanation for this obser-
vation is not given yet, we discuss hereafter only the relative
changes in mechanical properties given by the addition of
the polyrotaxane, and do not mention the comparison of the
absolute values. It may be also speculated that the ‘‘all-
cellulose’’ nanocomposite [26] might contain a larger amount
of cellulose microcrystals than the reported values estimated
by X-ray diffractions (24e59%) due to the shorter dissolution
time during preparation (5 min), and it might contribute to the
mechanical strength higher than that of our cellulose fibers.

While the pure polyrotaxane fiber was weakest, it showed
a highly intriguing tensile profile, as shown in Fig. 4: the stress
showed a yield point at its initial state, followed by a long
elongation with slow relaxation and slight decrease in stress,
after which the fiber broke. The values of elongation at break
for the pure polyrotaxane fiber were distributed within a wide
range (7e80%) and were apparently poorly reproducible,
while other mechanical properties such as Young’s modulus,
maximum strength and stress at break were almost reproduc-
ible. Both the maximum stress and the stress at break are listed
in Table 1. The blend fibers with polyrotaxane/cellulose
weight ratios of 1:1 and 2:1 showed higher moduli and
strength than those of pure cellulose fiber, while these proper-
ties had lower values in the fiber with a polyrotaxane/cellulose
weight ratio of 4:1. These results show that the Young’s
modulus and tensile strength of polyrotaxane/cellulose blend
fibers are greater in fibers with weight ratios within a limited
range. Although the causes of these mechanical behaviors will
be elucidated in future detailed investigations, it is likely that
the CD rings, interacting with hydroxyl groups in the cellulose
anhydroglucose unit via hydrogen bonding, may slide along
with the PEG chain in the blend fiber during drawing, resulting
in a larger elongation than that of the pure cellulose fiber.
While the increase in ductility of the cellulose by blending
with PEG, which was well described in the previous study
[30], may be assumed one of the reasons of our findings of
the large elongation, the extraordinarily large strain more
than 90% does not seem to be explained only by the contribu-
tion of PEG blending. Indeed, as shown in Fig. 4 and Table 1,
the pure polyrotaxane fiber and the fiber with a polyrotaxane/
cellulose ratio of 4:1 showed particularly high elongation
values at break, although they were widely distributed for
different samples (7e80% and 4e93%, respectively).

In the present study, we demonstrated the first preparation of
composite fibers consisting of PEG/CD polyrotaxane and an-
other polymer. Although positive drawing was not applied
during fiber formation, the obtained fiber showed optical an-
isotropy, which indicates orientation of the polymer and/or
cellulose crystallites along the fiber axis. Larger values for
physical properties such as Young’s modulus are expected
when the drawing process is applied during spinning, which
should result in a greater degree of polymer orientation. Since
the polyrotaxane molecule is likely to have relatively high
rigidity in solution [13], a greater degree of polymer chain
orientation may be attained via so-called liquid crystal spinning
[31] if the concentrated solution of polyrotaxane forms a liquid
crystal. Based on the wide variety of novel functionalities pos-
sessed by polyrotaxane, we expect to observe further useful
properties of these blend fibers in forthcoming investigations.

Acknowledgment

Prof. Shigenori Kuga and Prof. Masahisa Wada (The
University of Tokyo) are greatly acknowledged for their help
with X-ray diffractometric measurements.

References

[1] For reviews of polyrotaxane,

(a) Harada A. Coord Chem Rev 1996;148:115;

(b) Takata T. Polym J 2006;38:1;

(c) Wenz G, Han B-H, Müller A. Chem Rev 2006;106:782.

[2] (a) Harada A, Li J, Kamachi M. Nature 1992;356:325;

(b) Harada A, Li J, Kamachi M. Nature 1993;364:516.

[3] (a) Wenz G, Keller B. Angew Chem Int Ed Engl 1992;31:197;

(b) Wenz G. Angew Chem Int Ed Engl 1994;33:803;

(c) Weickenmeiner M, Wenz G. Macromol Rapid Commun 1997;18:1109.

[4] Huang L, Allen E, Tonelli AE. Polymer 1998;39:4857.

[5] (a) Yui N, Ooya T, Kumeno T. Bioconjugate Chem 1998;9:118;

(b) Ooya T, Arizono K, Yui N. Polym Adv Tech 2000;11:642.

[6] (a) Watanabe J, Ooya T, Park KD, Kim YH, Yui N. J Biomater Sci Polym

Ed 2001;11:1333;

(b) Watanabe J, Ooya T, Nitta K, Park KD, Kim YH, Yui N. Biomaterials

2002;23:4041;

(c) Ichi T, Lee WK, Ooya T, Yui N. J Biomater Sci Polym Ed 2003;14:

567;



8246 J. Araki et al. / Polymer 47 (2006) 8241e8246
(d) Wang X-S, Kim HK, Fujita Y, Sudo A, Nishida H, Endo T. Macro-

molecules 2006;39:1046.

[7] (a) Shimomura T, Akai T, Ito K. J Chem Phys 2002;116:1753;

(b) Akai T, Shimomura T, Ito K. Synth Met 2003;135:777.

[8] (a) Tamura M, Gao D, Ueno A. Chem Lett 1998;369;

(b) Tamura M, Ueno A. Bull Chem Soc Jpn 2000;73:147;

(c) Tamura M, Ueno A. J Chem Soc Perkin Trans 2 2001;2012;

(d) Tamura M, Gao D, Ueno A. Chem Eur J 2001;7:1390.

[9] Kihara N, Hinoue K, Takata T. Macromolecules 2005;38:223.

[10] Araki J, Zhao C, Ito K. Macromolecules 2005;38:7524.

[11] Zhao T, Beckham HW. Macromolecules 2003;36:9859.

[12] Fleury G, Schlatter G, Brochon C, Hadziioannou G. Polymer 2005;46:8494.

[13] Fleury G, Brochon C, Schlatter G, Bonnet G, Lapp A, Hadziioannou G.

Soft Matter 2005;1:378.

[14] Okumura Y, Ito K. Adv Mater 2001;13:485.

[15] (a) Araki J, Ito K. J Polym Sci A Polym Chem 2006;44:532;

(b) Araki J, Ito K. J Polym Sci A Polym Chem 2006;44:6312.

[16] Samitsu S, Araki J, Kataoka T, Ito K. J Polym Sci B Polym Phys 2006;

44:1985.

[17] (a) Dawsey TR, McCormick CL. J Macromol Sci Rev Macromol Chem

Phys 1990;C30:405;

(b) Panar M, Beste LF. Macromolecules 1977;10:1401;

(c) Yanagisawa M, Isogai A. Biomacromolecules 2005;6:1258;

(d) Aono H, Tatsumi D, Matsumoto T. Biomacromolecules 2006;7:1311;

(e) Hasegawa M, Isogai A, Onabe F. J Chromatogr 1993;635:334.

[18] (a) Nishio Y, Roy SK, Manley RJ. Polymer 1987;28:1385;

(b) Nishio Y, Manley RJ. Macromolecules 1988;21:1270;

(c) Nishio Y, Manley RJ. Macromolecules 1989;22:2547.
[19] Bianchi E, Ciferri A, Conio G, Tealdi A. J Polym Sci B Polym Phys

1989;27:1477.

[20] Saito H, Sakurai A, Sakakibara M, Saga H. J Appl Polym Sci 2003;90:

3020.

[21] McCormick CL, Callais PA, Hutchinson BH. Macromolecules 1985;18:

2394.

[22] Potthast A, Rosenau T, Sartori J, Sixta H, Kosma P. Polymer 2003;44:7.

[23] Topchieva IN, Tonelli AE, Panova IG, Matuchina EV, Kalashnikov FA,

Gerasimov VI, et al. Langmuir 2004;20:9036.

[24] Isogai A, Usuda M, Kato T, Uryu T, Atalla RH. Macromolecules 1989;

22:3168.

[25] (a) Araki J, Wada M, Kuga S. Langmuir 2001;17:21;

(b) Araki J, Kuga S, Magoshi J. J Appl Polym Sci 2002;85:1349.

[26] Gindl W, Keckes J. Polymer 2005;46:10221.

[27] (a) For a comprehensive review, Azizi Samir MAS, Alloin F, Dufresne A.

Biomacromolecules 2005;6:612;
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