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Single crystals of poly(β-propiolactone) (PPL) with different molecular weights
(Mw = 70 000 and Mw = 2300) were grown from four kinds of solvents under isothermal
crystallization condition. The morphologies and crystal structures of PPL single crystals
were investigated by means of transmission electron microscopy and atomic force
microscopy. The single crystals of high-molecular-weight PPL (HMW-PPL) grown from
cyclohexanone appeared elongated with dimensions of around 0.2–0.8 µm along the short
and 5–10 µm along the long axes. Single crystals of low-molecular-weight PPL grown from
cyclohexanone showed three to five elliptical-shaped lamellae, from central nucleus like
petals. The long axes of both single crystals corresponded to the crystallographic b axis.
The reciprocal lattice parameters: a∗ = 2.045 nm−1, b∗ = 1.420 nm−1 and γ ∗ = 90◦ could be
determined from electron diffractograms. Decoration of the crystals with polyethylene
suqqested that the single crystals of HMW-PPL have regular chain-folding along their long
axis in the [010] direction with consecutive folds in the [110] and [11̄0] directions.
Accordingly, it is deduced that HMW-PPL has the anti-parallel chain-packing structure.
C© 2001 Kluwer Academic Publishers

1. Introduction
Poly (β-propiolactone) (PPL) is a biodegradable ther-
moplastic. Yamashita et al. have reported that PPL
films obtained by extrusion molding and drawing pro-
cesses exhibited high tensile strengths and elonga-
tions to breaking and high moisture permeabilityies [1].
Moreover, Tasaka et al. have reported recently that fer-
roelectric behavior due to the C O dipole rotation was
observed in semicrystalline PPL [2].

Ring-opening polymerization of β-propiolactone,
a four-membered lactone, has been widely studied
mainly by chemical synthesis using acids, bases and
salts as catalysts [3–7]. Also PPL has been pre-
pared by radiation-induced polymerization at low tem-
perature [8–11]. Furthermore, it is well known that
β-propiolactone can be polymerized by anions [12–19]
or cation [20] and by alkali metals [21] or metal alkox-
ide [22]. Recently, in addition to these chemical syn-
theses, enzyme-catalyzed ring-opening polymerization
has also been studied [23–25].

Although PPL is a chemosynthetic polymer, PPL is
biodegraded by enzymes or microorganisms in natural
environments. Asano et al. have studied the degrada-
tion of melt-pressed PPL by implanting it into the back
of rats [26, 27]. They reported that in vivo degradation
of the polymer was strongly dependent upon the crys-
tallinity. Nishida et al. have reported the distribution
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of PPL aerobic degrading microorganisms in differ-
ent environments [28]. Seventy-seven strains of PPL
degrading microorganisms were isolated, and at least
41 strains were referred to as Bacillus species. Con-
cerning enzymatic degradation, it is known that PPL
is degraded by both polyhydroxyalkanoates (PHA) de-
polymerases and lipases. Tokiwa and Suzuki have re-
ported that PPL is hydrolyzed by Rhizopus delemar
lipase [29]. Baba et al. have reported that PPL is de-
graded by an extracellular PHA depolymerase from Al-
caligenes faecalis T1 [30].

The crystal structure of PPL has been widely in-
vestigated by infrared adsorption and X-ray diffrac-
tion [4, 5, 7, 8, 10, 11, 31, 32]. X-ray studies showed
that PPL has two crystalline modifications depending
on drawing and annealing conditions [31, 32]. These
modifications are defined as the α and β forms, re-
presenting 21 helix (fiber repeat 0.702 nm [31]) and
planar-zigzag (fiber repeat 0.482 nm [31], 0.477 nm
[32]) conformations, respectively. The β form showed
a unique X-ray fiber pattern, i.e., discrete reflections
on the equatorial line and diffuse continuous scatter-
ing on the layer lines. It was found that the X-ray fiber
pattern of the β form indicated a disordered packing
of the molecular chains in the crystal lattice with ran-
dom displacement along the fiber axis. On the other
hand, Asahara and Katayama have reported that PPL
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has three crystal structures, which are helical, 21 helix
and zigzag structures, depending on the polymerization
method [7].

Although many researchers have investigated the
crystal structures and conformations of PPL, no detail
analysis has been reported. Preparing single crystals
that have clear, uniform and well-defined structure is
useful for elucidating the crystal structure. In this pa-
per, the first preparation of single crystals of PPL grown
from a variety of solvents is reported. Also, the mor-
phology and chain-folding structure of PPL single crys-
tals is investigated by means of transmission electron
microscopy and atomic force microscopy.

2. Experimental
2.1. PPL samples
PPL sample (weight-average molecular weight
(Mw) = 367 000 and polydispersity (DPI) = 2.2) was
supplied by Tokuyama Corporation. The PPL sample
was purified by precipitation in methanol from chlo-
roform solution and dried in an oven at 35◦C. Two
different molecular weight PPLs (high-molecular-
weight (HMW-PPL), Mw = 70 000 and DPI = 1.6, and
low-molecular-weight PPL (LMW-PPL), Mw = 2 300
and DPI = 1.5) were prepared by using 1 N aqueous
KOH alkali-hydrolysis with 18-crown-6 ether, accord-
ing to the method reported previously [33]. Purified
PPL (50 mg) was dissolved in chloroform (6 ml). After
adding 40 mg of 18-crown-6 ether to the PPL solution,
the mixture was kept at 35◦C and stirred for 2.5 h
or 6 h. The organic layer was pipetted into a sample
vessel and dried over anhydrous magnesium sulfate.
After filtering, the organic layer was precipitated into
methanol.

2.2. Preparation of single crystals
Single crystals were prepared from a dilute solution un-
der isothermal crystallization conditions. The solvents
used for solution-grown single crystals were cyclohex-
anone, α-chloronaphthalene, o-dichlorobenzene and 1,
4-butanediol, all of which were normal laboratory grade
chemicals. One mg of PPL was dissolved in 4 ml of sol-
vent at high temperature, which was maintained for 1 h
in a silicone oil bath. Crystals obtained by dissolution
and slow cooling are complex aggregates. Accordingly,
attempts were made to improve the crystals grown from
solution by using isothermal crystallization conditions.
These are summarized in Table I.

2.3. Transmission electron microscopy
To collect the single crystals, centrifugation and wash-
ing the crystals with methanol at room temperature
were used, except for crystals grown from cyclohex-

T ABL E I Details of the dissolution and crystallization conditions for solution-grown single crystals of poly(β-propiolactone)

Concentration Dissolution Cloudy Crystallization Crystallization
Solvent (%, (wt/vol)) temperature (◦C) temperature (◦C) temperature (◦C) time (h)

Cyclohexanone 0.025 70 35 55 36
α-Chloronaphthalene 0.025 185 110 100 76
o-Dichlorobenzene 0.025 160 80 80 6
1,4-Butanediol 0.025 90 70 70 6

anone. A drop of methanol containing single crystals
was deposited on a carbon-coated grid and allowed to
dry, and then shadowed with a Pt-Pd alloy. For diffrac-
tion studies, the crystals were allowed to dry and were
not coated. In the case of cyclohexanone solution, when
methanol was added to the crystal suspension for wash-
ing, the single crystals aggregated. The same observa-
tions were obtained for ethanol and acetone. Further-
more, centrifugation caused the single crystals to be
broken into pieces. Thus, a drop of PPL single crystals
in cyclohexanone solution was directly deposited on a
carbon-coated grid, and allowed to dry completely. The
decoration of crystals with polyethylene was performed
by evaporating polyethylene on the crystals under vac-
uum, according to the method of Wittman and Lotz
[34].

A JEM-2000FX II transmission electron microscope
operated at an acceleration voltage of 120 kV was used.
The observations were mostly performed at room tem-
perature; sometimes the specimens were kept at liq-
uid nitrogen temperature by using a cryo-holder. For
calibration purposes, some crystals were mounted on
carbon-coated grids sputtered with gold. All calibra-
tion was performed at room temperature.

2.4. Atomic force microscopy
The thicknesses of PPL single crystals were measured
using atomic force microscopy (AFM). A drop of crys-
tal suspension was placed on mica and allowed to dry.
AFM was performed with a SPI3700/SPA300 (Seiko
Instruments Inc.). Pyramid-like Si3N4 tips, mounted on
100 µm long microcantilevers with spring constants of
0.09 N/m, were applied for the contact mode experi-
ments. Simultaneous registrations were performed in
the contact mode for height and deflection images. All
images were recorded at room temperature.

3. Results and discussion
3.1. Morphology of single crystals grown

from different solvents
Fig. 1 shows HMW-PPL single crystals grown from
four kinds of solvents. In all the preparations the
crystals aggregated. Crystals grown from all solvents,
except for 1, 4-butanediol, were lath-shaped. Sin-
gle crystals grown from cyclohexanone, as shown in
Fig. 1a, yielded lath-shaped lamellae dimensions of
around 0.5–1.5 µm along the short and of around 5–
8 µm along the long axes. This morphology resembles
that of single crystals of poly([R]-3-hydroxybutyrate)
(P(3HB)) [33, 35–38]. The crystals grown from
α-chloronaphthalene were lath-shaped lamellae which
had the dimensions of around 0.2–0.8 µm along the
short and of around 5–10 µm along the long axes
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Figure 1 Electron micrographs of HMW-PPL single crystals grown from dilute solution in (a) cyclohexanone, (b) α-chloronaphthalene,
(c) o-dichlorobenzene and (d) 1,4-butanediol. Scale bars represent 1 µm.

(Fig. 1b). The crystals grown from o-dichlorobenzene
showed both very thick and narrow needle-like lamel-
lae (Fig. 1c). In the case of 1, 4-butanediol solution,
very small particles in aggregated stacks were observed.
(Fig. 1d).

The single crystals of HMW-PPL grown from cy-
clohexanone solution showed the best morphology for
further investigation within solvents used in this study.
Accordingly, LMW-PPL single crystals were prepared
using cyclohexanone. In the case of HMW-PPL grown
from cyclohexanone solution, the cloudy temperature
was 35◦C on slow cooling to room temperature. In
the case of LMW-PPL in cyclohexanone solution, no
cloudy temperature was obtained and no single crystals
were observed at room temperature. However, when the
solution was kept in a refrigerator (4◦C), single crystals
were observed. Consequently, the cloudy temperature
of LMW-PPL is lower than room temperature.

LMW-PPL single crystals showed two types of mor-
phology, as shown in Fig. 2. One form comprised three
to five elliptical-shaped lamellae joined to a central
nucleus like petals, as shown in Fig. 2a. The size of
the lamellae was around 0.7–1.5 µm along the short
and around 2–5 µm along the long axes. This mor-
phology of LMW-PPL single crystals resembles two-
dimensional spherulites in polyethylene [39], although
the spherulites are bigger. The other morphology, as
shown in Fig. 2b, showed short lath-shaped lamellae,
with jagged edges. Moreover, striations running paral-
lel to the long axis of single crystals could be observed
on the crystal surfaces. This striation phenomenon is
discussed later.

3.2. Electron diffraction study
Selected-area electron diffraction was performed for
both HMW- and LMW-PPL single crystals grown
from a dilute solution of cyclohexanone. The HMW-
PPL single crystals produced a spot diffraction pattern,
with a minimum spacing of 0.135 nm. In the case of
LMW-PPL single crystals, the elliptical-shaped lamel-
lae (Fig. 2a) yielded well-resolved electron diffraction
with a spacing of 0.115 nm, while that of the lath-shaped
monolamellae (Fig. 2b) showed ark diffraction.

To determine the orientation of the crystal axis, triple-
exposure experiments on the HMW- and LMW-PPL
single crystals were performed. Fig. 3 shows an electron
diffraction pattern from an elliptical-shaped LMW-PPL
single crystal. The crystallographic b axis lies along the
long axis of the crystal and the sides do not correspond
to any low index plane. The diagram contains 21 inde-
pendent diffraction spots mirrored in the four quadrants
defined by the two orthogonal axes a∗ and b∗. Upon cal-
ibration of the electron diffraction pattern, all the elec-
tron diffraction spots can be indexed in terms of orthog-
onal reciprocal lattice parameters: a∗ = 2.045 nm−1,
b∗ = 1.420 nm−1 and γ ∗ = 90◦.

3.3. Chain-folding structure
Fig. 4 shows AFM images and line profile data of
HMW- and LMW-PPL single crystals. The thicknesses
by AFM of the monolamellar part of both single crys-
tals yielded values of around 5 nm, in spite of the
difference in molecular weight. Based on the lamel-
lar thickness and the molecular weight of the polymer,
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Figure 2 Electron micrographs of LMW-PPL single crystals grown from solution in cyclohexanone, (a) elliptical-shaped and (b) lath-shaped. Scale
bars represent 1 µm.

it is suggested that the molecular chains of HMW-PPL
are folded within the lamella. In the case of LMW-PPL,
taking the degree of polymerization of PPL and the fiber
repeat distance along the molecular axis of eitherα form
or β form [31, 32] into consideration, chain-folding at
the lamellar surface may not occur.

The polymer decoration method developed by
Wittman and Lotz [34], has been widely used to study
the chain-folding behavior of polymer crystals, such
as polyethylene [34, 40, 41], poly(ethylene oxide) [42],
P(3HB) [36] and odd polyoxamide [43]. Crystallization
of polyethylene on the surface of the crystal is a useful
technique to reveal the chain-folding surface structure.
It was found that the direction of the long axis of the
polyethylene crystals is perpendicular to the direction
of chain-folding on single crystals.

Fig. 5 shows single crystals of HMW-PPL deco-
rated with polyethylene and shadowed with a Pt-Pd
alloy. Decoration of HMW-PPL single crystals shows
rods of crystallized polyethylene, and they were rel-
atively ordered perpendicular to the long axis of the
single crystals. Accordingly, molecular chain-folding
on PPL single crystals should be occurring along the
long axis of the single crystals; i.e. the b axis of crys-
tals. When molecular chains fold, there should have
alternate crystalline stems “up” and “down” in the
lattice, i.e. anti-parallel. Therefore, chain-packing of
HMW-PPL single crystals occurs anti-parallel with in-
tramolecular interaction. No sectorization is observed
in the polyethylene decorated HMW-PPL crystal. Con-
sequently, the chain-folding direction is constant in
all parts of the crystal. LMW-PPL however has no
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Figure 3 Typical electron diffractogram corresponding to an LMW-PPL single crystal.

Figure 4 AFM images and line profile data of (a) HMW-PPL and (b) LMW-PPL.
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Figure 5 Electron micrograph of HMW-PPL single crystals decorated with polyethylene and shadowed with a Pt-Pd alloy.

appearance of rods (data not shown), suggesting that no
polyethylene is decorated on the crystal surface. There-
fore, LMW-PPL single crystals have no regular chain-
folding.

In the case of P(3HB), Birley et al. reported a folded-
surface structure [36]. They suggested that the overall
direction of folding is along the [100] direction, and
that the chains which fold in the [110] direction at one
surface of the crystal fold back at the opposite surface
along the [11̄0] direction. In this study, the HMW-PPL
folding occurs along the [010] direction. However, the
close-packed plane along which regular folding is pos-
sible is the {110} plane. Having deduced that the chain-
folding in HMW-PPL crystals should be quite regular
with a high degree of adjacency, a possible adjacent
fold for a chain emerging from a HMW-PPL crystal is
along one of the 〈110〉. Because the overall direction of
folding is along the [010] direction, it is deduced that
the chains that fold in the [110] direction at one surface
of the crystal fold back at the opposite surface along
the [11̄0] direction, as illustrated in Fig. 6.

3.4. Morphology of LMW-PPL single
crystals with striations

LMW-PPL single crystals showed two morphologies.
Both crystal surfaces were decorated with striations
running parallel to the long axis of the crystal with a reg-
ular spacing of about 30 nm. This morphology is also
observed in some HMW-PPL single crystals Buléon
et al. have reported that single crystals of cellulose II
have ribbon or needle-like lamella with a growth plane
of (110) [44]. Surface striations are also observed, run-
ning at an angle of 65◦ to the axis of the ribbon, and
along (020) planes of the cellulose II lattice.

In the case of LMW-PPL, the crystal surface is dec-
orated with striations running parallel to the long axis
corresponding to the crystallographic b axis at regular
intervals. The striation phenomenon can be explained

Figure 6 Projection of PPL structure in the ab and bc planes. Molecular
backbone are shown as (\) and ( ) for “up” chain (↑) and “down” chain
(↓), respectively. Fold on upper fold surface (�) and fold on lower
surface ( ) are shown.

in three ways. Firstly, the striations may occur by shifts
along the chain axis of molecular chains. The β form
of PPL consists of a disordered packing of the molec-
ular chains in the crystal lattice with random displace-
ment along the fiber axis [31, 32]. Secondly, the stria-
tions might result from molecular chains being inclined
to the basal plane at a constant interval with adjacent
molecular chains inclined in the opposite direction. As
a consequence, phase-contrast is observed in the mi-
crograph. Thirdly, the striations might be the result of
overgrowth or epitaxial growth on the lamellae. Since
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the striations occur at constant intervals, the overgrowth
or epitaxially growth must occur regularly.

4. Conclusions
Single crystals of poly(β-propiolactone) (PPL) with
different molecular weights were prepared in a cy-
clohexanone solution under isothermal crystallization
conditions. The single crystals of high-molecular-
weight PPL (HMW-PPL, Mw = 70 000) formed lath-
shaped lamellae. Low-molecular-weight PPL (LMW-
PPL, Mw = 2 300) crystals showed two morphologies;
one with elliptical-shaped lamellae attached to a cen-
tral nucleus like petals, and the other with lath-
shaped lamellae. The reciprocal lattice parameters:
a∗ = 2.045 nm−1, b∗ = 1.420 nm−1 and γ ∗ = 90◦ could
be determined from electron diffractograms. The crys-
tallographic b axes of HMW- and LMW-PPL single
crystals corresponded to the long axes of the crystals.
By using polyethylene decoration, the orientation of
polyethylene rods were found to lie perpendicular to the
long axis of HMW-PPL single crystals. Consequently,
it was revealed that the average direction of molecular
chain-folding occurs along the [010] direction suggest-
ing that consecutive folds occur in the [110] and [11̄0]
directions and that the single crystals of HMW-PPL
crystallize with intramolecular interaction with anti-
parallel chain-packing.
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