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1. Introduction

ABSTRACT

The relationship between the crystalline structure and the free volume properties within the amorphous
phase of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) membranes, which were prepared via
isothermal crystallization processes at various crystallization temperatures, was investigated. From the
data of positron annihilation lifetime (PAL) spectroscopy over a temperature range of 25-90 °C, the
temperature dependence of free volume size, amount, distribution, and relative fractional free volume
and thermal expansion behaviors of free volume were discussed. The existence of a rigid-amorphous
fraction (RAF) which constrained long-range motions in the semi-crystalline polymer was demonstrated
by DSC trace and considered to interpret the temperature dependence of those free volume properties.
Based on the crystallization conditions, the effect of the crystallization rate of PHBV polymer was
proposed to explain the thermal expansion coefficients of free volume size. The membranes crystallized
at faster crystallization rate would accompany higher thermal expansion coefficients of free volume size
and the larger free volume size at higher temperatures. Larger distribution of the free volume size and
higher thermal expansivity of o-Ps lifetime dispersion (do/dt) of isothermally melt-crystallized
membranes were observed as a result of the bimodal distribution of the lamellar periodicity, which was
obtained by small-angle X-ray scattering (SAXS), and less amount of RAF than that of a cold-crystallized
membrane. Conclusively, free volume size and thermal expansion of the free volume in PHBV
membranes were affected by the kinetics of crystallization; comparatively, the total amount of free
volume and fractional free volume were determined by the final crystallinity. The size distribution of free
volume was associated with the crystalline lamellar structure which was dominated by the crystalliza-
tion conditions.

© 2009 Elsevier Ltd. All rights reserved.

fractional free volume (FFV), therefore, is an averaged fraction of
the open space within the polymer at all times. Since very early

A polymer is composed of entangled polymer chains and the
space between polymer chains is generally called free volume,
which means free moving open space. Free volume concept in
polymers is based on the model that molecules or chain segments
can rearrange themselves freely therefore dynamical open space
may be created during the process. The holes of free volume are not
fixed in designated positions but in fact flowing around inside the
polymer matrix due to the segmental rearrangement. The so-called
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years, it has been widely utilized to describe properties of poly-
mers, such as the mechanical viscoelasticity [1], viscosity [2], glass
transition [3], relaxation [4], physical aging [5], and transport
properties [6].

In semi-crystalline polymers, the free volume properties appear
to be much more complicated than that in an amorphous polymer
due to the complex morphology which includes crystalline and
amorphous regions. When polymers are crystallized from the bulk,
the classical crystallization process in which spherulitic structure
grows during primary crystallization is followed [7]. The structure
of spherulites is generally modeled as stacks of individual lamellar
crystalline plates. This microstructure consists of a distribution of
lamellar stacks with relatively large interlamellar amorphous
regions in which long-range motions are restricted. This has been
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associated with the existence of a rigid-amorphous fraction (RAF),
which corresponds to the less movable fraction of the amorphous
material despite lacking of large range order [8]. The RAF was
treated as an excess immobile fraction in addition to that included
in the crystals and was observed by the dynamics of the a-relaxa-
tion measured by dielectric spectroscopy [9]. On the side, the non-
crystalline amorphous region between lamellar stacks is liquid-like
amorphous and expected to exhibit properties, such as Ty, as the
completely amorphous bulk polymers. It may be termed as mobile
amorphous fraction (MAF). The concept of RAF in addition to
crystalline phase and MAF has been investigated to explain prop-
erties of semi-crystalline polymers in recent years [10-13]. More-
over, the degree of crystallinity in a polymer depends to a large
degree on the chemical structure as well as the crystallization
procedure that the polymer has experienced. It is possible to alter
the crystallinity and the crystalline structure by varying the kinetics
with which the crystallization takes place. The kinetics of crystal-
lization included the nucleation rate (N), the crystal growth rate (G),
and the overall crystallization rate (K) [14]. The overall crystalliza-
tion rate is a function of the crystallinity (X(t)), the crystallization
time (t), and the crystallization rate constant (k), which is affected
by the nucleation and crystal growth rates directly (k =k (N, G)), at
a constant temperature. Generally, the overall crystallization rate is
controlled by the thermodynamic driving force and the chain
mobility, therefore, a maximum of crystallization rate is observed.
Above the crystallization temperature at maximum rate (T max), the
crystallization rate decreases with increasing temperature due to
decreased nucleation rate (thermodynamically controlled
behavior). Below the T. max, the crystallization rate decreases with
decreasing temperature due to decreased molecular motion as the
glass transition is approached (mobility controlled behavior).
Accordingly, the morphology and structure of crystalline phase
should be considered as an important factor affecting the free
volume size and the size distribution in the amorphous region.

A positron annihilation lifetime (PAL) spectroscopy method has
been developed to be an important tool for studying the free
volume properties of polymers over the past two decades [15-18].
When a positron injects into a material media, it annihilates with
emission of gamma radiation. Because of the interaction between
the positron and electrons in the media, positron may form a bound
state with an electron before annihilation, which yields a positro-
nium, Ps. Depending on the spin states of the two particles, Ps may
form into different states: para-positronium (p-Ps, singlet state) for
anti-parallel spins and ortho-positronium (o-Ps, triplet state) for
parallel spins. The intrinsic vacuum lifetimes are 0.125 ns (71) and
142 ns (13) for p-Ps and o-Ps, respectively. Free positrons annihilate
with lifetime in the rage of 0.3-0.4 ns (72). However, the observed
0-Ps lifetime in molecular substrates decreases typically to a few
nanosecond ranges due to collisions of Ps with molecules (pick-off
annihilation) [19]. If 0-Ps localized in a free volume hole in the
amorphous polymer, its lifetime is between 2 and 5 ns, and highly
sensitive to the size of the free volume. The smaller the hole is, the
higher the frequency of collisions and the shorter the o-Ps life are.

In the current work, the temperature dependence of positron/Ps
annihilation parameters in semi-crystalline poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV) is studied in the tempera-
ture range between 25 and 90°C. PHBV is a naturally derived
biodegradable polymer that has better processing and mechanical
properties than poly(3-hydroxybutyrate) (PHB) homopolymer as
the 3HV (3-hydroxyvalerate) units in PHBV can reduce the melting
temperature and brittleness [20]. PHBV polymer exhibits the
phenomenon of isodimorphism, cocrystallization of the two
monomer units in either of the homopolymer crystal lattices, as the
constituent composition is varied [21]. As a consequence of the
cocrystallization of the 3HB (3-hydroxybutyrate) and 3HV units,

PHBV polymer shows a substantial crystalline phase over the whole
composition range. In addition, a wide range of physical properties
of PHBV copolymer are depending on the 3HV composition. A
number of reports have exploited that PHBV copolymers offer
suitable properties for making coated paper and decorative home
goods [22,23].

In previous studies [16,24,25], the relationship between crys-
tallinity and free volume properties of semi-crystalline polymers
was reported. They observed that the o-Ps annihilation parameter
I3 value, which means the amount of free volume, decreased with
an increasing amount of crystallinity. However, the study about the
effect of crystalline structure at the nanoscale and/or molecular
levels on the free volume characteristics was very few. We have
investigated the free volume properties of non-isothermally crys-
tallized PHBV membranes and discussed the influence of the
cooling rate on the free volume properties [26]. In this work, PHBV
polymer is processed via the isothermal melt-crystallization
procedures at different crystallization temperatures to form a series
of membranes with different morphology and degree of crystal-
linity. The objective of this study is to investigate the changes of the
polymer free volume properties subjected to the controlled crys-
tallization conditions. We attempt to distinguish the difference of
the microstructure of PHBV polymer prepared by different crys-
tallization procedures and to conclude their effect on the free
volume characteristics.

2. Experimental
2.1. Material

Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) with
a 3-hydroxyvalerate (3HV) comonomer content of 5 mol% was
supplied by Aldrich, Inc. (USA). The weight-average molecular
weight (Myy) was about 400,000 g/mol and the polydispersity index
(PDI) was about 2 as determined by gel-permeation chromato-
graphy (GPC) using polystyrene standards and chloroform as
a solvent. The polymer powder showed a glass temperature (Ty) at
0°C and melting temperature around 162 °C measured by DSC
experiment with two heating and one cooling processes which
scanned from —40 to 200 °C with a scanning of +10 °C/min.

2.2. Membrane preparation

The membranes were prepared by a compression-molding
method performed with a molding test press (GT-7014, Gotech,
Taiwan). The polymer powder was sandwiched between two flat
stainless steel plates (220 x 220 mm?, 0.75 mm of the thickness)
and the plate molding assembly was placed in the hot press. The
samples were melted at 170 °C (above the melting point of PHBV
powders, Ty, 162 °C as measured) for 5 min, and then were
compression-molded under a pressure of 9.8 MPa at 170 °C for
15 min. Once melted, the molding assembly was removed from the
hot press machine and put into an oven at one of the following
predetermined crystallization temperatures: 50, 70, 90, 110, and
130 °C, respectively. Hereafter, Iso50, Is070, [s090, Iso110, and
[so130 are used to denote these isothermally crystallized
membranes, respectively, in this manuscript. The membranes were
placed in the oven for 48 h to complete the isothermal crystalli-
zation treatment. After crystallization process, all the membranes
were kept in a desiccator, to avoid any water moisture sorption
before further characterization, at room temperature. The average
thickness of the membranes was around 55 pum measured by
a digital micrometer (IDF-112, Mitutoyo, Japan).

In addition, cold-crystallized membranes were prepared via
a rapid-cooling process [26]. Following the same melting process
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for preparing the isothermally crystallized samples, the melted
sample was quenched to 0 °C in an icebox for 10 min and then kept
in a desiccator at room temperature. The samples crystallized at
room temperature followed the cold-crystallization procedure.
Details can be found in our previous report [26].

2.3. Thermal properties and crystallinity

Thermal characterization was carried out with a DSC instrument
(DSC7, Perkin-Elmer, USA) equipped with an intra-cooler. The
temperature scale was calibrated with indium standard. The melt-
molded membranes of around 6-9 mg were hermetically sealed in
an aluminum pan for the measurements. Under a nitrogen
atmosphere, samples were scanned from —40 °C to 200 °C with
a heating rate of 10 °C/min. From the melting endotherm appearing
on the DSC curves, the peak temperature (Ty,) and the apparent
enthalpy of fusion (AHr) were determined. According to the
enthalpy of fusion, the relative crystallinity of the crystallized
membranes could be determined by:

o, _ AH o
X(%) = <AHref> % 100% (1)

where AHqr is the enthalpy of fusion of 100% crystallized PHBV
polymer, it’s assumed equal to AHef= 146-wpyg]/g (wyp is the
weight fraction of 3HB in the copolymer). Here, the value of 146 J/g
was from the enthalpy of fusion of 100% crystallized PHB polymer
[27]. Because the core of the lamella of PHBV polymer with low 3HV
content (<10 mol%) is composed of only the 3HB (3-hydroxy-
butyrate) units, the sequences of 3HV units are excluded from the
lamella [28]. The enthalpy gain only upon the crystallization from
the 3HB units is considered in this case.

2.4. Crystalline structure analysis

Small-angle X-ray scattering (SAXS) measurements were
performed with an X-ray spectrometer (PSAXS-USH-WAXS-002,
Osmic, USA) at room temperature to reveal the lamellar structure of
the membranes. Thirty watts (30 W) of low power X-ray source/
optic combination, provided Cu Ko radiation (the X-ray wavelength
(A)=1.54A) with comparable intensity, was applied to form
a focused beam from a rotating anode generator. X-ray source was
operated at 45kV and 0.67 mA. The X-ray beam spot size was
30 x 30 pum?. Specimens were cut into a 1.5 x 1.5 cm? square and
stacked to a requested thickness around 100 um for the measure-
ments. SAXS patterns were recorded in the range of 26 =0-3.5°
with an increment of 0.0025°. The scattering profile was output as
a plot of the scattering intensity (I) versus the scattering vector (q),
(4m/A)sin(6/2), where 6§ is the scattering angle and 1 is the X-ray
wavelength. The structures of semi-crystalline polymers are
supposed to consist of periodically arranged crystalline lamellae. In
the lamellar stack model, the long period represents the sum of the
lamella thickness (L) and the amorphous layer thickness (L,). The
weight-average long period (L) can be calculated from the position
of the peak maximum of the Lorentz-corrected profile [29] using
Bragg’s equation:

L:21'c

(2)

Qmax
2.5. Positron annihilation lifetime spectroscopy
Positron annihilation lifetime (PAL) experiments were carried

out using an Ortec (Ametek, USA) fast-fast coincident timing
spectrometer with temporal resolution of 300 ps (full width at

half maximum of a single Gaussian), which was determined by
measuring %°Co (Isotope Products Laboratory, USA), and
a channel width of 51 ps. Two identical specimens in the form of
stacks of 500 pm thick with approximate area of 1.5 x 1.5 cm?
were sandwiched with a 20 uCi positron source (*?Na), which
was prepared by evaporating 22NaCl solution (Isotope Products
Laboratory, USA) on a Kapton® (DuPont, USA) foil of 6 pum
thickness. The sandwiched sample was enclosed into an
aluminum heating block with a PID temperature controller (BTC-
9100, Brainchild Electronic Co. LTD., Taiwan). Temperature
dependence of PALS measurements was carried out during
a thermal cycle in which the membrane was first heated from 25
to 35, 50, 70, and 90 °C, and then cooled down to 80, 60, 40, and
30 °C, respectively. The PAL spectrum measurement was per-
formed after the temperature had been stabilized. In each spec-
trum a total of two million counts of positron annihilation were
collected in about 2 h.

A PAL spectrum is composed of the lifetime of all positron and
positronium components from birth to annihilation. In practice, the
normalized lifetime spectrum is a convoluted differentiation of the
normalized positron density n(t). Thus, the lifetime 7; and the
intensity I; values of the exponential components in the PAL spec-
trum can be extracted by deconvolution, background subtraction
and then a non-linear fitting process. The spectrum which is
composed of three lifetime components, 11, 72, 73, can be fitted by
the equation:

N(t) = > ale ™t (3)

where i (=1-3) is the number of each exponential term, I; and 4;
(=1/t1) are the corresponding intensities (%) and annihilation rates
(ns~1), respectively. The PAL spectrum was analyzed into 3 discrete
lifetimes using PATFIT computer programs [30]. It is plausible to
assign 11 as the self-annihilation of p-Ps, 7, as the annihilation of
free positrons and t3 as the annihilation of localized o-Ps with its
surrounding electrons due to the pick-off annihilation. The anni-
hilation rate of o-Ps is sensitive to the local environment, e.g.,
defects, voids, cracks in scale of nanometer. Particularly, o-Ps
provides the major message on the free volume size, distribution,
and quantity in a polymer and other matters. In addition, LT
program [31] in the distribution mode assumed that the annihila-
tion rate A (1/7) follows a log-normal function was used to analyze
an average o-Ps lifetime and also o-Ps lifetime dispersion (standard
deviation, 7).
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Fig. 1. Temperature dependence of the o-Ps lifetime of the PHBV membranes
isothermally crystallized at various crystallization temperatures. On the right y-axis,
the free volume radius is shown as converted from the o-Ps lifetime.
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Table 1
The thermal expansion properties of the free volume parameters of the PHBV
membranes isothermally crystallized at various Tcs.

Sample ar? (1072/K) dg/dT® (103 ns/K) d(Vis)/dT (10~2 A3/K)
15050 1.18 +0.03 6.1+04 18.7+0.7
15070 1.08 +0.03 6.0+ 0.6 16.7 +0.4
15090 1.21+£0.04 6.1+05 18.7+£0.6
150110 1.25+0.03 5.4+0.6 19.3+0.3
150130 1.14+0.03 5.0+0.5 18.3+0.3

2 The values of the thermal expansion coefficient of the free volume are based on
the mean volume of free volume holes (V) at 25 °C.
b 4 is the standard deviation of the mean lifetime caused by the dispersion.

A relationship between the o0-Ps lifetime and the free volume
size is obtained from the overlap of the positron wave function in
the open space and the electron wave function in the matrix [17]. If
the free volume hole is simply regarded as a spherical well within
an infinite potential and radius Ry with an electron layer of thick-
ness AR, a simple relationship between the lifetime (7, in unit of ns)
of 0-Ps and the free volume radius (R) can be obtained [17,32]:

1 R 1 . /2mwR\]!
T3 = 5 1_R_0+%SIH(R—0):| (4)

where R = Rg — AR in unit of A. AR is a semi-empirical constant, and
it is determined to be 1.66 A for materials with well-defined size of
cavity, such as zeolites and organic molecules [17].

The intensity of o-Ps lifetime (I3) depends on the o-Ps formation
probability which is related to the radiation chemistry while the
0-Ps pick off takes place. If there is no significant variation of
radiation chemistry in the polymer, the o-Ps intensity is related the
amount of free-volume holes. Moreover, the relative fractional free
volume (FFV) is expressed as follows:

FFV = (VI (5)

where [; (in %) is the o-Ps intensity. C is an empirical constant which
was determined by calibrating with other physical parameters [33].
Herein, FFV from the PAL results should be considered as a relative
value for the polymer of the same series since Eq. (5) was derived
based on the Williams-Landel-Ferry (WLF) theory [33]. However,
a precise determination of C is difficult to calibrate for semi-crys-
talline polymers due to the thermal history varies the degree of
crystallinity [33]. Hence, the relative fractional free volume was
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Fig. 2. Temperature dependence of the o-Ps lifetime dispersion of the PHBV
membranes isothermally crystallized at various crystallization temperatures.
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Fig. 3. Effect of crystallization temperatures on (a) the o-Ps lifetime and (b) the
dispersion of the o-Ps lifetime of various PHBV membranes measured at 90 °C (closed
symbol: isothermally crystallized membranes; open symbol: rapid-cooled membrane).

estimated by the product of Vrand I3 only, which is well accepted in
literatures [34,35], for semi-crystalline PHBV polymer in this study.

3. Results and discussion

Free volume properties of the PHBV membranes made via
isothermal melt-crystallization process at various crystallization
temperatures are discussed in this study. Over a temperature range
of 25-90°C, the o-Ps lifetime of each sample increases with
temperature, and it follows the linear trend during a thermal cycle
of heating and cooling runs as shown in Fig. 1. The radius of free
volume hole could be calculated as appeared in the right y-axis of
Fig. 1. From the results of PATFIT and LT programs, the change of the
0-Ps lifetime values with temperature shows the same trend even
though the values determined from LT were slight smaller than that
from PATFIT. At higher temperatures, there is a significant differ-
ence between the size of the free volume of the membranes crys-
tallized at various crystallization temperatures. Based on the
following equation [36],

1 dv;
afy = (W) (ﬁ) (6)
the thermal expansion coefficient (as) of the free volume above

25°C in the rubbery region of the isothermally crystallized
membranes is listed in Table 1. The thermal expansion coefficient
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Fig. 4. Lorentz-corrected profile of various PHBV membranes.

was determined based on the mean volume of free volume holes
(Vg) at 25°C. It increased first and then decreased with the
temperature at which the polymer was crystallized. In Fig. 2, the
dispersion () of 0-Ps lifetime, which is the standard deviation of
the o-Ps lifetime based on the log-normal distribution obtained
from LT and means the size distribution of the free-volume hole,
increases linearly with temperature during the thermal cycle. The
slope of the o0-Ps lifetime dispersion versus temperature (dg/dt) is
defined as the thermal expansivity of the free volume size distri-
bution and listed in Table 1. Not following the results of the thermal
expansion coefficient («) of the free volume of various membranes,
the values of do/dt of all the membranes are close except the one of
the membranes crystallized at 130 °C (Iso130 sample).

It’s noticed that the variation of thermal expansion coefficients
among the membranes shows a tendency similar to the depen-
dence of crystallization rate on crystallization temperature (T¢) for
PHBV polymer. Previous studies [21,28] showed that the growth
rate of the crystalline spherulite of PHBV polymer with 6-8 mol%
HV content had a maximum value at around 90 °C between 60 and
110 °C. It is speculated that a higher spherulite growth rate may
induce greater thermal expansion of the free volume size of PHBV
polymer. During the crystallization process, the segmental relaxa-
tion of the polymer is continuously reduced by crystal formation
due to gradual transfer of a fraction of the amorphous material to
the growing crystalline phase. When the primary crystallization is
completed in a shorter time with a faster crystallization rate, which
depends on the thermodynamic driving force and the molecular
chain mobility at an appropriate T, the molecular chains in the
amorphous region don’'t have enough time to pack densely.
Therefore, higher thermal expansion coefficient of free volume and
larger free volume size at higher temperature are obtained for the
PHBV membranes isothermally crystallized at 90 and 110 °C than
that crystallized at other T¢s as shown in Table 1 and Fig. 3(a), which
is a plot of the o-Ps lifetime measured at 90°C versus the

a 285 —T——7T— 7T 3.53
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:q:) 2.75 I . g
» >
g I =
o
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Fig. 5. Effect of long period on (a) the o-Ps lifetime and (b) the dispersion of the o-Ps
lifetime of various PHBV membranes measured at 90 °C (closed symbol: isothermally
crystallized membranes; open symbol: non-isothermally crystallized membranes).

crystallization temperature. Herein, only the results from the ones
measured at 90 °C were discussed because the o0-Ps lifetimes were
not differentiable for various membranes at lower measuring
temperatures. Besides, the o-Ps lifetime of a cold-crystallized
membrane [26], which was crystallized at around room tempera-
ture (open symbol), is added into the figure as a reference. It was
the smallest among all the membranes due to the relatively low
crystallization rate.

The effect of crystallization temperature on the dispersion of
0-Ps lifetime measured at 90 °C is shown in Fig. 3(b). We propose
that the formation of bigger free volume during faster crystalliza-
tion process is accompanied by broader free volume size distribu-
tion. Thus, the variation of o-Ps lifetime dispersion with
crystallization temperature was found corresponding to that of the
0-Ps lifetime. In addition, the values of the temperature depen-
dence of the dispersion (dg/dt) of all the isothermally crystallized

Table 2

Melting temperature, crystallinity, the scattering vector at which the maximum Lorentz-corrected intensity occurs, and the corresponding long period of various PHBV

membranes.
Sample Tm (°C) X (%) qmax,1 (nmil) (qmax,2 (nmil) Ly (nm)
Rapid-cooled 161 +2 56 +2 0.95+0.01 - 6.6 +0.1
Is050 162+1 59+2 0.76 + 0.01 1.4440.01 8.32+0.08
Is070 164+1 6242 0.71 £0.01 1.40 4+ 0.01 8.91 +0.09
1s090 165+ 1 66 +1 0.65 1.32 9.67
Iso110 16740 68+1 0.60 +0.01 1.28 4 0.01 10.6 +0.1
Is0130 17141 71+£1 0.55+0.01 1.22 +0.01 11.5+0.1
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membranes (Table 1) were very similar to that of the melt-crys-
tallized membranes obtained from non-isothermal crystallization
processes, i.e. 0.0060 & 0.0005 ns/K [26]. In contrast, do/dt of
a cold-crystallized membrane was only 0.0039 +0.0004 ns/K. It
can be concluded that the extent of the free volume size broadening
in the measuring temperature range is affected by the crystalliza-
tion procedure. Accordingly, it’s necessary to consider the differ-
ence of the physical structure among the membranes crystallized
through various procedures, such as lamellar periodicity.

Fig. 4 shows the profile of Lorentz-corrected intensity (Ig?)
probed by SAXS for various membranes. The Lorentz-corrected
profile showed a broad peak at a higher q (the scattering vector,
(4m/2)sin(6/2)) beside a distinct main peak at a lower q for all the
isothermally crystallized membranes. This implied that there was
a bimodal distribution of the thickness of the repeating lamellar/
amorphous layers (long period) in these membranes. Herein, the
distinct main peak at lower q of the Lorentz-corrected profile in the
melt-crystallized membranes represented the crystalline
morphology formed in the primary crystallization stage. The
lamellar thickness and thickness of the lamellae/amorphous layers

T T T T T T T T T T T
(a) 1so130
(b) Iso110
(c) 1Iso90

(d) Iso70

(e) 1so50

Heat flow (Endo up)

-40 0 40 80 120 160 200
Temperature (°C)

Fig. 6. DSC curves of the PHBV membranes isothermally crystallized at various crys-
tallization temperatures.

formed in this stage were thick and regular. During further
isothermal crystallization process, small, thin and less regular
lamellae were formed, which was detected from the broad peak at
higher g in the Lorentz-corrected profile, due to the secondary
crystallization. The main peak position (gmax) decreased with
increasing of the crystallization temperature. It’s noticed that the
distribution of the main peak of Iso0130 membrane was much nar-
rower than that of all the others. Based on Bragg’s law, the weight-
average long period (L) was determined by Eq. (2). The values of
gmax and L for various samples are listed in Table 2. The order of
long period (from the main peak) was consistent with that of Ty, for
all the isothermally crystallized membranes (Table 2). Because
thicker lamellae resulted in higher melting temperature [37,38], the
membrane crystallized at higher temperature owned not only the
thicker long period but also the thicker lamellar thickness. In
addition, the melt-crystallized membranes underwent secondary
crystallization at different crystallization temperatures during the
later period of isothermal crystallization process. The lamellar
periodicity formed in the secondary crystallization would follow
the same trend in the primary crystallization. The broad peak
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Fig. 7. Temperature dependence of the o-Ps intensity of the PHBV membranes
isothermally crystallized at 90 °C during the thermal cycles (M: first run; ®: second
run; closed symbol: heating step; open symbol: cooling step).
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Fig. 8. Temperature dependence of the o-Ps intensity of the PHBV membranes
isothermally crystallized at various crystallization temperatures: (a) heating run; (b)
cooling run.

position at higher g decreased with increased crystallization
temperature slightly, which decreased from 1.44 to 1.22 nm™, as
shown in Table 2.

The effect of long period on the o-Ps lifetime and its dispersion
are shown in Fig. 5. The results from non-isothermally crystallized
membranes are added in order to discuss the relationship between
lamellar structure and free volume size despite they were created
by different crystallization processes. The long periods (from the
main peaks) of the membranes crystallized via melt-crystallization
with the slow-cooling and step-cooling processes are 12.7 and
12.2 nm, respectively [26]. The o-Ps lifetime measured at 90 °C did
not have a proportional dependence on long period but showed
a maximum value at an intermediate long period (Fig. 5(a)). This
was because the free volume size depended on the crystallization
temperatures as mentioned above. The dispersions of the o-Ps
lifetime were distinguished into two groups, that of cold- and melt-
crystallization membranes, respectively (Fig. 5(b)). Notably the
dispersion of Iso130 membrane (the long period at 11.5 nm) was
slightly smaller than other melt-crystallized membranes. It might
be affected by the narrower distribution of the main Lorentz-cor-
rected intensity peak (the long period) of Iso130 membrane than
others (Fig. 4). Moreover, the smallest dispersion of the o-Ps life-
time among all the membranes was from the cold-crystallized

membrane with a mono-distribution of long period and the thin-
nest average long period.

If lower crystallization temperature apparently results in
thinner lamellae, it can be realized the number of lamellae in the
lamellar stacks and the overall number of lamellar stacks in the
cold-crystallized membrane are larger than that in the melt-crys-
tallized membranes with similar level of crystallinity. This leads to
much larger amount of amorphous phase constrained between the
crystalline lamellae in the case of cold-crystallized membranes
[13,34]. As shown in Scheme 1, which is the situation of three-
phase (MAF, RAF, and crystalline phases) model in the membranes
prepared via cold- and melt-crystallization procedures, the cold-
crystallized membrane is proposed that it has a larger amount of
interlamellar amorphous phase (RAF) and smaller domain size of
the interstack amorphous phase (MAF) than that of the melt-
crystallized membrane with a specific crystallinity. Therefore, the
free volume size of cold-crystallized membrane is limited and hard
to expand upon heating, which represents by the smaller thermal
expansivity of free volume size and size distribution of cold-crys-
tallized membrane, due to the constraint of the lamellar
morphology. In addition, the melt-crystallized membranes owned
bimodal distribution of the repeating lamellar/amorphous layers
and created various size of spaces in the interlamellar or interstack
regions. The difference of the crystalline morphology resulted in
various size of free volume located in the RAF and MAF in the
membranes prepared from various crystallization procedures.
Therefore, the free volume size distribution of the melt-crystallized
membranes is broader than that of cold-crystallized ones.
Summarily, the cold- and melt-crystallization procedures resulted
in two kinds of distributions of long period and a difference of the
amount of RAF so that the o-Ps lifetime dispersion or the free
volume size distribution could be distinguished into two groups.

Herein, a significant RAF can be observed from the heat capacity
jump according to the DSC trace (Fig. 6), and the corresponding
ACprar is about 0.2 J/g°C. A previous study [13] addressed the
estimation of the weight portion of the RAF for poly(ethylene
terephthalate) (PET) by a DSC experiment. The weight portion of
the RAF is determined by providing information of the heat
capacity jump of fully amorphous PET polymer, the heat capacity
jump of the semi-crystalline PET at T, and the weight fraction of
crystalline phase. In this study, however, the weight portion of the
RAF of the semi-crystalline PHBV polymer is unavailable from this
method. The heat capacity jump of fully amorphous PHBV polymer
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Fig. 9. Temperature dependence of the relative FFV (Vi3) of the PHBV membranes
isothermally crystallized at various crystallization temperatures.
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Fig. 10. Effect of crystallinity on the o-Ps lifetime of PHBV membranes measured at
90 °C (closed symbol: isothermally crystallized membranes; open symbol: non-
isothermally crystallized membranes).

is hard to obtain due to the low T and fast crystallization rate of this
polymer. It may be possible to use the heat capacity jump at T of
PHBV polymer with known crystallinity to deduce the heat capacity
jump of a fully amorphous sample. Even though, the T; corre-
sponded to MAF may not be clear in the case of high crystallinity
sample. The accurate determination of the RAF and MAF portion of
PHBV polymer is very difficult if it’s still possible.

The variations of the o0-Ps intensity of the membranes isother-
mally crystallized at various Tcs during the cycles of heating and
cooling processes were discussed. o-Ps intensity increased slightly
with temperature above 70 °C and then decreased slightly during
the cooling run, nevertheless, the amount of free volume would not
increase significantly during the thermal process in the measuring
temperature range (Fig. 7). In previous studies, the number density
of holes determined due to combination of Simha-Somcynsky
theory with PALS has been addressed that does not depend on
temperature [10,39]. As presented in our previous study [40], the I3
of the PHBV membrane which was isothermal crystallized at 90 °C
showed a relatively constant value in the range from room
temperature to around 70 °C. The immobilization of amorphous
polymer chains around the less perfect crystals results in the
vitrification of the RAF during crystallization. With a further
increase of temperature, the mobility of segment at fold surface of
the crystallites would increase observably. It led to the rearrange-
ment of molecular chain packing above this temperature so that
new free volume holes were created, the o0-Ps intensity increased
from 13.88 to 16.25% when the measuring temperature increased
from 90 °C to 190 °C. In this study, according to the results of DSC
trace, a transition state of the RAF was observed due to the devit-
rification of the RAF between 40 and 80 °C as shown in Fig. 6.
Therefore, o-Ps intensity showed a relatively constant value in the
range from room temperature to around 70 °C and then increased
due to the change of physical structure. A reversible behavior of the
0-Ps intensity in two runs of the thermal cycles, which included
first heating, first cooling, second heating, and second cooling, was
observed as shown in Fig. 7. During the second cycle, the thermal
cycles might create an annealing effect in the membrane, the
crystallinity increased slightly, so that the o-Ps intensity didn’t
increase with temperature and kept relatively close to a constant in
the range of 25-90 °C. In addition, the o-Ps intensity decreased
with increasing crystallization temperature during both the heat-
ing and the cooling runs (Fig. 8) due to the change of crystallinity
(Table 2). The relationship between the positron annihilation
parameters and the crystallinity will be discussed later.

Furthermore, a linear correlation between the relative FFV (Vil3)
and temperature was established above 50 °C (Fig. 9). As the trends
of 0-Ps intensity, the relative FFV decreased with increasing crys-
tallization temperature. Although there are other arguments
against relating I3 with FFV since I3 is affected by radiation chem-
istry of polymer systems [39,41], the I value of PHBV polymer
should still be included into the calculation of FFV to explain the
effect of crystallization temperature and/or crystallinity on the FFV
of PHBV membranes. Otherwise, the data of PHBV membranes
could not be explained well if one ignores the I3 part in calculating
FFV. Therefore, a product of V¢ and I3 is used to show the relative
FFV of PHBV membranes in this study. Furthermore, not following
the trend of the thermal expansion coefficients of the free volume
size (g ), the thermal expansivities of the FFV (d(Vil3)/dT) were not
significantly varied between the membranes isothermally crystal-
lized at various T¢s (Table 1). It's noticed the relative FFV measured
at lower temperatures are deviated from extrapolated ones from
the linear correlations of the relative FFV data versus temperature
for all the membranes. We speculate that this region is close to the
Tz (~0°C) of PHBV so that the molecular motion may be rather
slow in the transition phase. The thermal expansivity was lower
than that at a higher temperature range, but still higher than that in
the glassy state. These behaviors have been observed in the liter-
ature [42,43].
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The effects of crystallinity on the free volume properties were
established as shown in Figs. 10 and 11. In the range between 56%
and 71% of the crystallinity (X.), o-Ps lifetime did not vary signifi-
cantly at lower measuring temperatures. This behavior has been
reported in the studies of other semi-crystalline polymers [44,45].
However, the difference of the o-Ps lifetime measured at 90 °C
among the membranes with different crystallinity was observed
(Fig. 10) due to the difference of thermal expansion behaviors as
presented above. There was a notable difference between the 0-Ps
lifetimes of Is090 sample and the slow-cooled membrane although
both had the same crystallinity (66%). Because the free volume size
of membrane was controlled by the crystallization rate, the smaller
free volume size (or o-Ps lifetime) of the slow-cooled membrane
was caused by the slow-cooling process with slower crystallization
rate than that of the membrane crystallized at 90 °C. Moreover, the
0-Ps intensity and the relative FFV showed as a function of crys-
tallinity at all measuring temperatures as shown in Fig. 11. As
a consequence of a decreased crystallinity, the amount of amor-
phous region raised more free volume holes, and led to higher
relative FFV of a polymer. This phenomenon has been widely dis-
cussed in the literature [16,24]. Consequently, the size of the free
volume was decided during the crystallization process, which was
a kinetic controlled behavior. The total amount of free volume and
fractional free volume was controlled by the final crystallinity of the
membranes.

4. Conclusions

In this study, the relationship between free volume properties
and structure of the PHBV membranes prepared via various crys-
tallization conditions was studied. The formulation of a three-
phase model, which included crystalline, RAF, and MAF phases, was
applied to interpret the free volume characteristics of PHBV
membranes which were obtained from PAL spectroscopy. Obser-
vations of the crystalline structure and crystallinity of the
membranes controlled by the cold- and melt-crystallization
processes provided the basis of a structural interpretation for this
model.

The temperature dependence of the free volume size, size
distribution, amount of the free volume, and fractional free volume
which presented by the o-Ps annihilation parameters of the
isothermally crystallized PHBV membranes over a temperature
range of 25-90 °C were discussed. A strong dependence of the
thermal expansion coefficients of the free volume of the isother-
mally crystallized membranes on the crystallization temperatures
was found. Faster crystallization rate, which depended on the
crystallization temperature, would result in looser molecular chain
packing in the amorphous region due to shorter crystallization
time. Therefore, the molecular chains easily move and rearrange at
higher temperatures; higher thermal expansion coefficient and
larger size of the free volume at higher measuring temperature
were observed. A bimodal distribution of the lamellar periodicity
and thicker lamellar thickness, which affected the amount of RAF,
were detected for melt-crystallized membranes led to much broad
distribution of the free volume and larger thermal expansivity of
free volume size distribution than that of cold-crystallized ones.

The relatively constant and reversible value of the o-Ps intensity
during the heating and cooling processes in the measuring
temperature range could be understood assuming that the number
of free volume holes in the same structure would not change with
temperature. The existence of the RAF was demonstrated by DSC
trace as the transition state of the RAF between 40 and 80 °C. After
the devitrification of the RAF, o-Ps intensity increased above 70 °C
due to the change of physical structure. The o-Ps intensity and the
relative FFV decreased with increasing of crystallization

temperature. It could be correlated to the final crystallinity reached
during crystallization. This was obviously associated with a dense
molecular packing in crystals which prohibited the formation of
free volume inside. Therefore, good correlations between relative
FFV and crystallinity were established at various measuring
temperatures. In conclusion, a model of the free volume formation
during the crystallization process was developed. Free volume size
and thermal expansion behavior of the free volume in PHBV
membranes were influenced by the kinetics of crystallization. The
size distribution of free volume was associated with the crystalline
structures which were dominated by the crystallization conditions.
Generally, the final crystallinity determined the total amount of
free volume and fractional free volume, but didn’t show a direct
effect on the size or size distribution of free volume.
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