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Extension of polyethylene chains by formation of
polypseudorotaxane structures with perpentylated
pillar[5]arenes

Tomoki Ogoshi, Hitoshi Kayama, Takamichi Aoki, Tada-aki Yamagishi, Ryutaro Ohashi and Motohiro Mizuno

Herein, the extension of high-density polyethylene (PE) (HDPE) chains by formation of polypseudorotaxane structures with

perpentylated pillar[5]arenes is reported. Melt mixing of polymeric chains of HDPEs and wheels of perpentylated pillar[5]arenes

resulted in formation of polypseudorotaxane structures. The formation of the polypseudorotaxane structures led to extension of

the HDPE chains, which dramatically increased the melting point of the HDPE from 126 to 152 1C. We also demonstrated

molten-to-solid and solid-to-molten state transitions of HDPE based on the host–guest system. HDPE was melted at 140 1C, but

changed to a solid upon addition of perpentylated pillar[5]arenes. Further addition of competitive guest 1,4-dibromobutane to

the solid mixture induced a solid-to-molten state transition.
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INTRODUCTION

The crystallinity and morphological features of polyethylene (PE) are
important factors affecting its thermal and mechanical properties.1–6

Under ambient conditions, PE consists of lamella and amorphous
phases. In contrast, when PE crystallizes under special conditions,
such as shear, elongation flow and ultrahigh pressure, it forms an
extended chain structure. This structure has ultrahigh strength and
modulus. Therefore, many studies have attempted to generate the
extended chain structure.1,2

Pillar[5]arenes (Figure 1), which were first reported by our
group,7 are cyclic pentamers composed of dialkoxybenzene units
connected by methylene bridges at the para positions of the
benzene moieties.7–18

Pillar[5]arenes have a highly symmetrical cylindrical structure
with a p-electron-rich cavity, and they are ideal hosts for p-electron
poor guests.7–12 Interestingly, pillar[5]arenes also bind non-polar
linear n-alkanes via multiple CH/p interactions in solution and in
the solid state.13–15,19,20 This interesting discovery led us to extend
our study to the formation of polypseudorotaxane structures
between the long linear alkyl chain polymer PEs and pillar[5]
arenes. Polypseudorotaxanes are constructed via complexation of
covalent polymers with macrocycles. Many types of polymers
have been employed as axle segments for preparation of
polypseudorotaxanes.21,22 However, PE-based polypseudorotaxanes
have not been reported to date23 due to the following two problems
with polypseudorotaxane formation between PE chains and
macrocyclic hosts: (1) PE has no polar functional groups to form

complexes with hosts and (2) PE has low solubility in organic
solvents.

Multiple CH/p interactions between the C-H groups of PE and
pillar[5]arenes could be used to overcome (1) and to increase
interactions between PE and the hosts. To overcome (2), PE and
pillar[5]arene could be complexed via the melt mixing process, which
is widely used in industry. PE is a thermoplastic resin that melts at
126 1C, and it can complex with pillar[5]arene in its molten state.
This system, which does not require solvents and CH/p interactions,
should be enhanced.16,24–26 When various pillar[5]arenes were mixed
with molten PE, pillar[5]arenes containing pentyloxy groups17 (C5,
Figure 1a) highly miscible with PE were formed. This study reports
the formation of polypseudorotaxane structures between C5 wheels
and PE chains with a high molecular weight. Interestingly, the
formation of the polypseudorotaxane structure extended the PE
chains and increased the melting point of the PE. Chemically
responsive molten state-to-solid and solid-to-molten state transitions
of PE based on the host–guest system are also reported.

EXPERIMENTAL PROCEDURE

Materials
Perpentylated pillar[5]arene (C5) was synthesized according to a previously

published protocol.17 High-density PE (HDPE, 428019-1KG, melt index 42 g

per 10 min), ultra HDPE (Mw¼ 3 000 000–6 000 000, 429015-250G),

low-density PE (LDPE, Mn¼ 7700, Mw¼ 35 000, 427799-250G) and

polypropylene (Mn¼ 75 000, Mw¼ 174 000, 452149-100G) were purchased

from Sigma-Aldrich, St Louis, MO, USA.
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Measurements
1H nuclear magnetic resonance (NMR) spectra were recorded at 500 MHz with

a JEOL-ECA500 spectrometer (JEOL, Akishima, Japan). Tapping mode atomic

force microscopy (TM-AFM) was performed using a multimode SPA 400

instrument (SEIKO Instruments, Chiba, Japan). Nanoprobe cantilevers

(SI-DF20, SEIKO Instruments) were employed. Differential scanning calori-

metry (DSC) was performed using a PerkinElmer Jade DSC calorimeter

(PerkinElmer, Waltham, MA, USA) equipped with an Intracooler II under a

flow of dry nitrogen and with a heating rate of 10 1C min�1. Thermogravi-

metric analysis was performed using a TG/DTA6200 thermal analyzer (SEIKO

Instruments, Inc.) with a heating rate of 10 1C min�1 under a nitrogen

atmosphere. Small-angle X-ray scattering (SAXS) measurements were per-

formed using the Nanoviewer SAXS system (Rigaku, Akishima, Japan). The

finely focused X-ray beam of the Cu Ka line (l¼ 1.58 Å) was incident to the

sample. Imaging plates were used as detectors for the SAXS data. Wide-angle

X-ray scattering (WAXS) measurements were performed using a Smart Lab

high-resolution diffractometer (Rigaku). Solid-state NMR experiments were

performed at 6.9 T (74.18 MHz for 13C) using a JEOL-ECA-300 NMR

spectrometer (JEOL) and a 4.0 mm CP-MAS probe. All of the samples were

spun at a frequency of 5.0 kHz. All of the sample temperatures were between

300 and 302 K, calibrated by Pb(NO3)2.18 13C chemical shifts are presented in

p.p.m. relative to tetramethylsilane using the 13C chemical shift for the methine
13C of solid adamantine (29.5 p.p.m.) as an external reference standard. For the
13C 1D spectra, variable-amplitude cross-polarization27 and total elimination

of spinning side band28 sequences were employed to excite 13C magnetization.

In all of the 13C NMR experiments, the 13C signals were detected under 1H–
13C heteronuclear decoupling with the two-pulse phase modulation

technique29 using a 1H decoupling frequency of 100 kHz. In the 1H–13C

heteronuclear two-dimensional experiments, the 1H signals were detected

using Phase Modulated Lee–Goldburg homonuclear decoupling.30

Formation of polypseudorotaxane structures between C5 and
HDPE
Solid samples of C5 and HDPE were heated to 160 1C, which converted both

samples into liquids. These liquids were mixed and stirred at 160 1C for

10 min. Then, the mixture was cooled to 25 1C.

RESULTS AND DISCUSSION

Eicosane n-C20H42 was used as a model compound of HDPE. Because
eicosane and C5 were soluble in chloroform, the complexation was
investigated in CDCl3 using 1H NMR (Figure 2).

When eicosane was mixed with C5 in CDCl3 (Figure 2b), an
upfield shift of the peaks for the central CH2 of eicosane (peak Ha)
was observed, and the proton peak from the terminal CH3 (peak Hb)
varied slightly. In a 2D NOESY study (Supplementary Figure S1),
Nuclear Overhauser Effect (NOE) correlations were observed between
the central CH2 protons for eicosane (peak Ha) and the protons of the
pentyloxy and benzene groups of C5, indicating the formation of the
eicosane–C5 complex. The stoichiometry of the eicosane–C5 complex

from a Job plot was 1:1 (Supplementary Figure S2). The association
constant of the complex, calculated by non-linear fitting of 1H NMR
titration of the CH2 protons, was K¼ 29±2 M�1 (Supplementary
Figure S3). In contrast, no peak shifts were observed (Figure 2d) upon
mixing eicosane and a unit model of C5, 1,4-bis(pentyloxy)benzene
(Figure 1b). This result suggests that there is no interaction between
1,4-bis(pentyloxy)benzene and eicosane. The cyclic structure of
pillar[5]arene is needed to form a complex with eicosane via
the CH/p interaction and to support complexation of eicosane with
C5 in CDCl3.

Next, complexation of eicosane with C5 in the solid state was
investigated. The association constant of the eicosane–C5 complex is
relatively weak (K¼ 29±2 M�1), but the complexation might be
enhanced in the solid state due to a lack of competitive solvation.16,24–26

The complexation was performed via a melt mixing process. When
eicosane was heated at 110 1C, the solid eicosane (melting point 36 1C)
changed to a liquid (Figure 3ai).
C5 was also a liquid at 110 1C (Figure 3aii) because its melting

point is 83 1C. Upon addition of C5 to liquid eicosane at 110 1C, a
transition from the liquid to solid state was observed (Figure 3aiii).
The solidification suggests complexation between C5 and eicosane.
The DSC trace of the complex is shown in Figure 3a. The
endothermic peak from the melting of eicosane at 36 1C disappeared,
and the endothermic peak from the melting of C5 at 83 1C was also
barely observed. A new endothermic peak was observed at 135 1C.
The endothermic peak of the mixture was higher than those of
pristine C5 and eicosane. This result strongly suggests complexation
of eicosane with C5 in the solid state. By contrast, in the sample
containing eicosane and 1,4-bis(pentyloxy)benzene, pristine endo-
thermic peaks from eicosane and 1,4-bis(pentyloxy)benzene were
observed, but an additional endothermic peak was not observed
(Supplementary Figure S4), indicating that there was no interaction
between 1,4-bis(pentyloxy)benzene and eicosane. These data are
consistent with the complexation of eicosane with C5 in a solution
determined by 1H NMR measurements, and support host–guest
complexation between eicosane and C5 in the solid state.

On the basis of the model complexation system between melted
eicosane and C5, the molten-state complexation of HDPE with C5
was investigated. The melting point of HDPE, which has a high

Figure 2 1H nuclear magnetic resonance (NMR) spectra of (a) C5 (7 mM),

(b) a mixture of C5 (7mM) and eicosane (3 mM), (c) eicosane (3mM), (d) a

mixture of 1,4-bis(pentyloxy)benzene (35 mM) and eicosane (3 mM) and

(e) 1,4-bis(pentyloxy)benzene (35 mM) in CDCl3 at 25 1C. Resonances are

labeled as shown in Figure 1. A full color version of this figure is available
at Polymer Journal online.

Figure 1 Chemical structures of (a) perpentylated pillar[5]arene (C5) and

(b) the unit model 1,4-bis(pentyloxy)benzene. A full color version of this

figure is available at Polymer Journal online.
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molecular weight, is 126 1C, and the complexation via melt mixing
was performed at 140 1C. Thermogravimetric analysis showed that
HDPE and C5 were stable up to 320 1C (Supplementary Figure S5),
and no degradation of these compounds occurred at 140 1C. The
molten HDPE at 140 1C became solid upon addition of C5 at 140 1C
(Figure 3b), which is the same observation that was made for the
mixture of eicosane and C5 (Figure 3a), indicating that complexation
has occurred. The complex was investigated using DSC measurements
(Figure 3b). A new endothermic peak at 152 1C appeared along with
the pristine endothermic peaks of HDPE and C5 in the samples
containing over 50 wt% C5. In the sample containing 70 wt% C5, the
new endothermic peak at 152 1C was clearly observed with weak
endothermic peaks for HDPE melting and no endothermic peak for
C5 melting. The sample containing 70 wt% C5 was the optimum for
polypseudorotaxane formation.

The molar percentage of the sample was HDPE:C5¼ 97.6
mol%:2.4 mol%. Therefore, B40 PE units were covered by a C5
unit. The small amount of C5 is enough to expand the PE chains.
These DSC traces did not change with multicycle scanning
(Supplementary Figure S6) and were independent of the heating rate
(Supplementary Figure S7). This result indicates that the DSC traces
are completely reproducible, and that the heating conditions do not
affect the melting points. Therefore, the new endothermic peak could
be attributed to the host–guest complex between C5 and HDPE. The
data support the formation of polypseudorotaxanes of HDPE with C5
in the solid state. The observation of the cross-peak between HDPE
and C5 by Phase Modulated Lee–Goldburg (1H–13C) 2D HETCOR
studies also supports complexation of HDPE with C5 in the solid
state (Supplementary Figure S8).

Polypropylene, which has a branched structure, was employed as a
guest polymer. In the DSC measurements (Supplementary Figure S9),
the endothermic peaks from pristine C5 and polypropylene were
observed at 83 and 122 1C, respectively, but no new endothermic
peaks were observed at higher temperatures. This result indicates that
complexation did not occur between polypropylene and C5. In a
previous study, pillar[5]arene was found to form complexes with
linear alkanes but not with cyclic and branched alkanes.13 Therefore,
complexation between branched polypropylene and C5 may not
occur. C5 selectively formed polypseudorotaxanes with linear HDPE
in the bulk state and increased the melting point of HDPE. When
LDPE was used as a guest polymer, a new endothermic peak was
observed at 130–140 1C in mixtures of LDPE and C5 (Supplementary
Figure S10). However, in comparison with a mixture of HDPE and
C5, the new additional peak was broadened, and the pristine
endothermic peak of LDPE was also observed at 92 1C. The
polypseudorotaxane structures were partially formed even though
un-complexed LDPE chains remained due to the branched structures
of LDPE. In addition, we verified the molecular weight effect. When
ultra HDPE (Mw¼ 3 000 000–6 000 000) was employed, the same new
endothermic peak at 152 1C was observed (Supplementary Figure
S11). Therefore, PE formed a polypseudorotaxane structure in the low
molecular weight oligomeric linear alkane (eicosane) as well as in
HDPE with an ultrahigh molecular weight.

In previous studies, the formation of extended PE chains increased
the melting point and led to observation of dual melting points of
HDPE.4–6 We also found dual melting endotherms at 126 and 152 1C
in a mixture of HDPE and C5. Therefore, the formation of
polypseudorotaxane structures by mixing HDPE and C5 should
expand the folded lamellae to an extended linear chain structure.
To investigate the polypseudorotaxane structure constructed from C5
and HDPE, the morphology and periodic structure were measured
using WAXS, SAXS and TM-AFM (Figure 4).
C5 exhibited spherical architectures in the TM-AFM measurements

(Figure 4d). Two diffraction peaks at q¼ 0.38 (1.7 nm) and 0.42
(1.45 nm) were observed by SAXS. The diffraction peaks at 1.7 and
1.45 nm correspond to the longitudinal and lateral periodic structures,
respectively, of C5, which coincides with the X-ray crystal structure of
C5.17 In HDPE (Figure 4a), the TM-AFM image showed an
individual lamellae phase. In the height profile (Figure 4a, insert),
the peak-to-valley distance was 15�20 nm. The thickness of the
lamellae determined by SAXS was 22.6 nm, which agrees with the
thickness of the lamellae determined by the height profile. These data
indicate that HDPE consists of lamellae and amorphous phases
(Figure 5a).

In the WAXS measurement, reflection peaks were observed at
2y¼ 21.5 and 23.9. These peaks were assigned as typical

Figure 3 (a) (i�iii) Images at 110 1C and differential scanning calorimetry

(DSC) traces of (i) eicosane, (ii) C5 and (iii) a mixture of eicosane (10wt%)

and C5 (90 wt%). (b) Melted state to solid state changes upon mixing of

high-density polyethylene (HDPE) with C5 and 1,4-dibromobutane at 140 1C

as well as DSC traces of pristine HDPE, C5 and a mixture of HDPE and C5

with different feed ratios. A full color version of this figure is available at

Polymer Journal online.
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orthorhombic (110)o and (200)o reflections.5,6 In the sample
containing HDPE and 50 wt% C5 (Figure 4b), extended wires were
detected in the lamellar phase matrix by TM-AFM. Using the SAXS
measurement, a new diffraction peak (1.54 nm) was detected along
with the peak from the lamellar phase (22.4 nm). The new peak was
assigned to the diffraction of the polypseudorotaxanes, which were
composed of wire assemblies. Therefore, the sample is a mixture of
lamellae and amorphous phases and has an extended structure of PE
chains (Figure 5b). In the sample containing HDPE and 70 wt% C5
(Figure 4c), wire-shaped assemblies were clearly observed by TM-
AFM. In the SAXS measurements, the peak from the lamellae phase
(22.4 nm) completely disappeared, and a diffraction peak at 1.55 nm
was detected. In the WAXS measurement, the intensity of the
orthorhombic (110)o and (200)o reflections decreased, indicating a
decrease in the typical orthorhombic phase of HDPE upon addition
of C5. These data indicate the disappearance of the lamellae phase
and expansion of the PE chains (Figure 5c).

1,4-Dibromobutane forms stable 1:1 host–guest complexes with
pillar[5]arenes (K¼ 1.6–4.9� 103 M�1), which has a larger associa-
tion constant than the eicosane–C5 complex (K¼ 29±2 M�1).31

When a competitive guest (that is, 1,4-dibromobutane) was added
to the solid mixture of HDPE and C5 at 140 1C, the solid changed to
a molten state (Figure 3biv). The transition was monitored by DSC
measurements (Supplementary Figure S12). Upon addition of 1,4-
dibromobutane, the new endothermic peak at 152 1C due to the
formation of the polypseudorotaxane decreased, and the pristine

endothermic peak from HDPE reappeared. This result indicates that
the polypseudorotaxane constructed from HDPE and C5 dissociated
because 1,4-dibromobutane more strongly interacts with C5 than
n-with alkanes. On the basis of the host–guest complexation system,
solid-to-molten state transitions can be achieved. The transitions
induced upon addition of the competitive guest also support the
complexation of HDPE and C5 in the solid state.

CONCLUSIONS

A polypseudorotaxane structure was formed by the mixing of C5 with
HDPE in the melted state. To the best of our knowledge, this is the
first example of the formation of polypseudorotaxane structures based
on PE. The pseudopolyrotaxanation led to the extension of the PE
chains, which dramatically increased the melting point of HDPE from
126 to 152 1C. To date, physical forces, such as shear, elongation flow
and ultrahigh pressure, have been necessary to extend PE chains.5,6 A
new chemical method was developed in this study for the extension of
PE chains via the melt mixing process. This process is a new method
for host–guest complexation that is very simple and industrially useful
for enhancing the thermal properties of HDPE. Furthermore, this
study demonstrated that chemically responsive molten state-to-solid
and solid-to-molten state transitions were possible by alternating the
addition of C5 and the competitive guest 1,4-dibromobutane. These
phase transitions could be applied to new molding and processing
techniques of HDPE.

Figure 4 Tapping mode atomic force microscopy (TM-AFM), small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) studies of (a) high-

density polyethylene (HDPE), (b) a mixture of C5 (50 wt%) and HDPE (50 wt%), (c) a mixture of C5 (70 wt%) and HDPE (30 wt%), and (d) C5. A full color

version of this figure is available at Polymer Journal online.

Figure 5 Proposed structure of the high-density polyethylene (HDPE) (a) without C5 and (b,c) with C5. A full color version of this figure is available at

Polymer Journal online.
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