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ABSTRACT: Effects of hydrogen bondings (HBs) on the
isothermal crystallization kinetics and mechanisms of poly(3-
hydroxybutyrate) (PHB) in neat PHB and its blends with
cellulose acetate butyrate (CAB), amorphous melts at the
crystallization temperature, were investigated by using time-
resolved Fourier transform infrared spectroscopy (FTIR). The
FTIR investigation focused on the characteristic bands of PHB
in the crystalline phase and in the amorphous phase. The results
revealed the following pieces of evidence. (1) The crystal-
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lization of PHB in both neat PHB and PHB/CAB blends commonly involves a multistep process: (i) transformation from
amorphous melts to an intermediated structure between amorphous and crystals (process (bl) shown above), (ii) from the
intermediate structure to crystals without intramolecular HBs (intra) (b2), and (iii) finally to crystals with intra (b3). (2) These
transformations sequentially occur with increasing time. More specifically, the transformations (ii) and (iii) dominantly occur
respectively in the primary and secondary crystallization process in both neat PHB and the blends. The Avrami analysis revealed that
(3) the crystallization in both neat PHB and the blends involves essentially the same nucleation and growth mechanism, as
evidenced by almost the same value of the Avrami exponent n; however (4) the crystallization rate constant ky, also determined from
the Avrami analysis, is strikingly reduced by blending CAB (see the k, value for the PHB/HCAB blend in the text), which is
attributed to physical cross-links formed by intermolecular HBs between PHB and CAB in addition to molecular entanglements.

1. INTRODUCTION

1.1. Objectives of This Work. In this work we aim to explore
effects of intermolecular (inter) and intramolecular (intra)
hydrogen bondings (HBs) on crystallization kinetics and mecha-
nism of poly(3-hydroxybutyrate) (PHB) and cellulose acetate buty-
rate (CAB), which are biodegradable, by means of time-resolved
Fourier transform spectroscopy (FTIR). The work was motivated
by the fact that there have been almost no reports along this line,
despite significances of the exploration to control structure and
properties of ecologically important materials, as will be detailed
below. The work is believed to be important with respect to a basic
physical science from a viewpoint of ordering of molecular systems
involving inter HBs and intra HBs and their exchanges. We inves-
tigated time evolutions of the bands assigned to crystalline phase
(“crystalline bands”) and to amorphous phase (“amorphous
bands”) to clarify the crystallization kinetics and mechanism of neat
PHB and its blends with CABs.

1.2. Backgrounds of This Work. Polymer blending with
natural polymers has attracted a great attention for the development
of new polymeric materials, since the properties of natural polymers
can be significantly improved by blending with the counter
polymers." > Poly(3-hydroxybutyrate) (PHB) is a bio-synthesized
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semicrystalline polyester which holds a high potential as a environ-
ment-friendly biodegradable thermoplastic.”” PHB has a high
melting point, a high degree of crystallinity, and a low glass transition
temperature. However, it has some problems on processablility™”
because it is thermally unstable at temperatures above its melting
point (T,,), specifically due to the 3-elimination reaction.'® Thus,
blending of PHB with suitable polymers may offer an improved
processability at lower temperatures and an opportunity to obtain
better products with improved mechanical and thermal properties.

Cellulose derivatives are an intriguing polymer component to
be blended with PHB, since they can be obtained from cellulose
materials that are abundant in nature. Cellulose esters exhibit a fairly
high glass transition temperature (Ty), good clarity, high flexural,
and tensile strengths. Moreover, they are also potentially biodegrad-
able."' ™" Blends of PHB and cellulose esters have been proved to
improve the mechanical toughness of PHB.'® Recently, cellulose
acetate butyrate (CAB), a widely used cellulose derivative, has been
extensively investi%ated for improving the elongation at break of
PHB copolymers.
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In the PHB/CAB blends, investigations of the crystallization
kinetics are very important because the kinetics influences their
crystalline superstructures and degree of crystallinity developed
under given processing conditions, and hence their physical
properties. So far, the miscibility, crystallization, and phase
structure of PHB/CAB blends have been explored by many
research groups.'®”** For example, El-Shafee et al.* studied the
miscibility, crystallization, and morphology of the PHB and CAB
blends by using differential scanning calorimetry (DSC), polar-
ized optical microscopy, and small-angle X-ray scattering
(SAXS). They indicated that the blends of PHB/CAB in the
melt states are miscible and that the spherulites growth rates of
PHB are remarkably reduced in the blends. Park et al. have
reported that the orientation behavior of PHB crystals upon
drawing the blends depends on the blend composition by using
polarized FTIR, wide-angle X-ray diffraction (WAXD), and
SAXS; c-axis orientation will be changed to g-axis orientation
with increasing the CAB content in the blends.*

Along the line described above, we also have been conducting
a series of investigations of the crystal structure and crystal-
lization behavior of PHB in PHB/CAB blends as a function of
temperature and the blend composition by using FTIR and
WAXD.** We have found that there are inter HBs —C=0- - -
H—O— between the C=0 groups of PHB and the O—H groups
of CAB (designated hereafter as “inter”), intra HBs within CAB
(designated hereafter as “intra CAB”), and weak intra HBs within
PHB crystals (i.e., HBs of —C=0" - -H—C— between the C=0
groups and one of the C—H groups of CHj, designated hereafter
“intra PHB”).>>"*® This intra HBs of —C=0" + -H—C— stabi-
lize the chain folding in the lamellar structure of PHB.>® **
Therefore, it is very interesting to investigate these HBs during
the crystallization process of PHB in PHB/CAB blends. The
physical cross-links formed in PHB and CAB chains in the blends
due to inter have been proposed to reduce mutual diftusivities of
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Figure 1. Chemical structures of (a) poly(3-hydroxybutyrate) (PHB)
and (b) cellulose acetate butyrate (CAB).

the chains and hence to reduce the crystallization rate and
crystallinity of PHB under given crystallization conditions.**

1.3. Special Characteristics of the Two Blends Studied in
This Work. One can change the chemical structure of CAB by
changing the substituent groups R of its monomeric unit as shown in
Figure 1b. CAB’s molecular weight also can be changed (e.g, from
70000 to 12000 as shown in Table 1). In general, the chemical
structure and the molecular weight of CAB give important effects on
both crystallization kinetics and resulting morphology. However,
these effects have not yet been fully explored. Therefore, in the
present study, we aim to investigate these effects on the isothermal
crystallization kinetics of PHB/CAB blend systems by selecting two
kinds of CAB specimens, designated hereafter as HCAB and LCAB,
for a given PHB specimen (see Table 1).

Here it is important to note that the two kinds of CABs
selected in this work have the following special characteristics:
HCARB has a larger molecular weight (M,,) and larger number of
OH groups per single chains (Nog;) than LCAB (Table 1). The
larger M,, causes the smaller self-diffusivity, D, of HCAB compared
with that of LCAB. Hence, PHB in the PHB/HCAB blend has a
smaller mutual diffusivity, D,,, than PHB in the PHB/LCAB blend.
Moreover, the large number of Noyy in HCAB cause a large number
of inter, which acts as physical cross-links between PHB and CAB.
This effect of Nog in turn brings about the same effect on D,,, as the
effect of M, on D, D,, for PHB/HCAB is smaller than D,, for
PHB/LCAB. Consequently, in these two blends, the effects of the
molecular weight and the effects of the chemical structure are
strongly coupled and cooperatively influence the crystallization
kinetics in the same direction, giving rise to an extremely large
difference in the crystallization rate, as will be clarified later in the
sections 3.2, 3.3, and 4.1—4.5.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. A PHB (number-
average molecular weight, M, =2.9 x 105) and two kinds of CABs, high-
molecular weight CAB (HCAB, M,, = 7.0 x 10%) and low-molecular
weight CAB (LCAB, M,, = 1.2 x 10*), were purchased from Sigma-
Aldrich Co., Ltd., and used as received. Figure 1 shows the chemical
structure of PHB (a) and CAB (b). The molecular weight and the
compositions of the substituent groups in the monomeric unit of each
CAB sample are summarized in Table 1. Concerning potentialities of the
blends for forming inter, it is important to note the fact that the average
number of OH groups per single CAB chain, Ny, for HCAB (Nog =
75.3) is much higher than that for LCAB (N = 8.9). The average
number of C=O groups in PHB is 2.9 X 10%/86.1 = 3368. The PHB
used is semicrystalline below melting temperature Ty, (~172 °C), while
the CABs used are totally amorphous.

PHB and CABs were dissolved into a homogeneous solution in
chloroform at 80 °C in which the total polymer concentration was 1 wt %.
The solution was cast on KBr windows used for FTIR measurements to
prepare thin films with the thickness of ~10 yum. After a majority of the
solvent had evaporated, the films were placed under vacuum at 60 °C for

Table 1. Molecular Characteristics of the CAB Samples Used in the Present Study

CAB M, acetyl (mol %) butyryl (mol %) hydroxyl (mol %) M, Non" NC=O_CABb Nown/Nc_o,cas
HCAB 70000 343 542 11.5 639.1 75.3 582 0.13
LCAB 12000 43.7 48.6 7.7 650.7 8.9 106 0.085

“ Average number of OH groups per single CAB chain: Ny = 6(M,,/M,,)fon, where M, is the average molecular weight of the monomeric unit of CAB
and foyy is mole fraction of OH groups in the monomeric unit (0.115 for HCAB and 0.077 for LCAB). ® Average number of C=0 groups per single CAB
chain: Ne—o,ca = 6(M,/M,,)fc—0, where fc—q is mole fraction of C=0O groups (0.885 for HCAB and 0.923 for LCAB).
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16 h to completely remove the residual solvent. The film specimens thus
prepared are designated hereafter as as-prepared samples.

2.2. Time-Resolved Measurements of FTIR. Time-resolved
FTIR spectra from 4000 to 650 cm ™' were collected in situ during the
isothermal crystallization on a Thermo Nicolet Magna 6700 FTIR
spectrometer equipped with a mercury cadmium telluride (MCT) detector.
The normal transmission mode was applied to the FTIR measurements.
Before the measurements, the as-prepared neat PHB as well as blends of
PHB/HCAB and PHB/LCAB were melted at 190 °C and maintained for
1 min to erase any thermal history built in the as-prepared samples, and then
they were cooled down to the isothermal crystallization temperature, T, at
117 °C with a cooling rate of 40 °C/min. At T. = 117 °C, only PHB can be
crystallized, while HCAB and LCAB are in amorphous melt. Throughout
this work, the time t = 0 is defined at the time when the sample’s
temperature reach T, = 117 °C. The FTIR spectra were recorded with
1 min interval in situ during the isothermal crystallization process. To obtain
the data with an acceptable signal-to-noise ratio, 32 scans were accumulated
for a signal averaging with a 2 cm™ ' resolution. Temperature of the
specimens was controlled by a Linkam controller THMS 600 (Linkam
Scientific Instruments Ltd., UK).

2.3. Polarized Optical Microscopy. Evolutions of internal
crystalline superstructures of the specimens during the isothermal crystal-
lization process were investigated by using the same specimens and the
temperature enclosure and controller as those used for the time-resolved
FTIR experiments under polarized optical microscopy.

3. RESULTS

3.1. Composition-Dependent Variation of the Character-
istic IR Bands Due to the C=0 Stretching Mode at Melts.
Figure 2a shows FTIR spectra and their second derivatives in the
1800—1700 cm ™" region of neat PHB, HCAB, and their blends
with weight fraction of PHB (wpgp) = 0.8 and 0.5 at 190 °C.
Figure 2b presents the corresponding spectra of the PHB/LCAB
blend system. As can be seen in Figure 2, neat PHB yields one broad
band at 1740 cm” ', which is assigned to the “free” amorphous
v(C=0) band*®~** (designated hereafter as free C=O PHB). This
indicates that the PHB lamellar crystals completely melt at 190 °C.
Although, it is difficult to identify various bands associated with the
v(C=0) band of neat CAB due to a severe overlapping of the bands,
the two bands appear at 1758 and 1745 cm ™' for HCAB and LCAB
in the second-derivative spectra. These two bands may be attributed
to the free ¥(C=0) band of CAB in slightly different environments
(force fields) (designated hereafter as fre C=0O CAB).

The PHB/HCAB blend with wpyp = 0.5 exhibited clearly a
newband at 1738 cm ™! in the second-derivative spectra. Considering
the fact that the ¥(C=0) bands at ~1758 and ~1745 cm™ " in the
blend with wppyp = 0.5 existed at the positions similar to those of neat
CAB, the new band at 1738 cm ™' can be assigned to inter, ie,
HBs between C=O groups of PHB and OH groups of HCAB
C=O0- - -H—0O.We interpreted that inter causes the frre C=0O PHB
at 1740 cm ™' shift to a lower wavenumber. The band at 1738 cm ™
cannot be dlearly discerned in the second derivative spectra for the
PHB/HCAB blend with wpp = 0.8 because of a smaller amount of
HCAB and hence a smaller population of inter compared with the
PHB/HCAB blend with wpip = 0.5. However, we believe that this
band exists for the blend with wpyg = 0.8 as will be detailed below in
conjunction with Figure 4. Compared with HCAB, the population of
inter in the blend with LCAB appears to be relatively small as
evidenced by the fact that the band at 1738 cm™ ' could not be
clearly discerned. As shown in Table 1, the average number of the OH
groups per single CAB chain, Ny, is less for LCAB than that for
HCAB by an order of magnitude. Therefore, it is reasonable to expect
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Figure 2. FTIR spectra in the C=O stretching region from 1800 to
1700 cm ™' of neat PHB, HCAB, and PHB/HCAB blends (a) and neat
PHB, LCAB, and PHB/LCAB blends (b) at 190 °C. Normalized
absorbance spectra are shown in the top panels, and their corresponding
second-derivative spectra are shown in the bottom panels.
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Figure 3. Time-resolved FTIR spectra in the region of 1780—
1700 cm ™" collected during the isothermal crystallization processes of
neat PHB (a), the PHB/HCAB blend (80/20) (b), and PHB/LCAB
blend (80/20) (c) at 117 °C. t, is the critical time determined from
Figure 10.

that there are a larger numbers of inter in PHB/HCAB than in PHB/
LCAB blends.

Such difference should affect the isothermal crystallization
behavior of PHB in the blend systems because inter influences the
average number of physical cross-linking points incorporated per
single PHB chain. For elucidating this point, the isothermal crystal-
lization behavior of PHB/CABs blend with wpy = 0.8 was inves-
tigated in the present study. However, the crystallization of PHB in
the blends with wpyp = 0.5 was so slow that the isothermal crystal-
lization behavior was studied only for the blends with wpyp = 0.8.

3.2. Evolutions of the C=0 Stretching Bands of PHB
during Isothermal Crystallization. Figures 3a—c show time-
resolved FTIR spectra in the 1780—1700 cm ™' region measured
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Figure 4. Second-derivative spectra corresponding to the spectra
shown in Figure 3.

in the isothermal crystallization process of neat PHB, and PHB/
HCAB, and PHB/LCAB blends with wpyg = 0.8 at 117 °C,
respectively. Each part of the figure shows a gradual but mono-
tonic decrease of free C=0 PHB at 1740 cm™ ' of amorphous
PHB with a concurrent, gradual, and monotonic increase of intra
PHB (see the definition in section 1.2) at 1722 cm™ ' of PHB
crystals with the crystallization time. Note that the time ¢ = 0 for
the isothermal crystallization process was defined already in
section 2.2. The meaning of the red broken line drawn at the
critical time ¢, in this figure as well as in Figure 4 will be described
later in conjunction with Figure 10. It is noted that the blend of
PHB/LCAB finishes the crystallization in a shorter period than
the blend of PHB/HCAB, which will be quantitatively analyzed
and discussed later in section 4.5. It is also noted that the time
changes in the characteristic free C=0 CAB bands at 1758 and
1745 cm ™' cannot be identified in the spectra shown in Figure 3
because of a severe overlapping with free C=O PHB at
1740 cm™ ' and of a small value of weap = 1 — wpyp in the
blends. To resolve their time evolutions, the corresponding
second-derivative spectra are plotted in Figure 4.

In Figures 4b,c, the two free C=0O CAB bands at 1760 and
1745 cm™ ', which arise from the different molecular environ-
ments, keep their wavenumber almost constant independent of time
in the whole crystallization process for both PHB/HCAB and PHB/
LCAB. Interestingly, during the crystallization process, a new band
clearly appears at 1732 cm ™" in a parallel with the evolution of the
1722 cm” ! band for PHB and PHB/HCAB after 10 and 480 min,
respectively. As for the origin of this band, there are two possibilities:
One is attributed to the ¥(C=0) band of PHB, and the other is
attributed to the ¥(C=0) band of CAB. Since CAB always exists in
the amorphous state, there is no change in the characteristic bands at
1760 and 1745 cm ™" during the crystallization process of PHB. If the
new band at 1732 cm ™' were due to the v(C=0) band of CAB, this
band also would not change with time during the crystallization.
Therefore, the new band at 1732 em™ ' can be attributed to the
v(C=0) band of PHB.

As described above in Figure 3, the amorphous and crystalline
bands of PHB locate at 1740 and 1722 cm ', respectively. Then,
what kind of a physical state of PHB is the new band at 1732 cm ™'
related to? The previous reports assigned this band to a less ordered
crystal® or an “intermediate structure”® between crystalline and
amorphous state with respect to the spatial molecular arrangements
by adopting the concept proposed for the first time by Strobl,*'
though its detailed local structure for PHB was not yet identified.*”*
We also support this assignment. It should be noted that this band is
not discernible for PHB/LCAB, although the reason is not under-
stood at this moment.
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Figure S. Normalized difference spectral intensity [AA.(t)/AA] of
the crystalline band at 1722 cm ™" (O) and the amorphous band at
1740 cm ™! (@) for neat PHB (a), PHB/HCAB (b), and PHB/LCAB
(c) blends with wpgs = 0.8 as a function of crystallization time at 117 °C.
The time t, has the same meaning as that in Figure 3.

The second-derivative spectra in Figure 4a suggest existence of
the band at 1738 cm ™" for neat PHB also. Although this band
may not be clearly discerned in Figure 4a, it is clearly discernible
in the original spectra. Moreover, this band for neat PHB was
confirmed by 2D correlation analysis.** For neat PHB, an overlap of
the bands at 1738 and 1747 cm ™ seems to show a broad absorbance
peak at ~1740 cm™ ' shown in Figure 3. A close observation of the
time evolution of the two bands at 1738 and 1732 cm ™" appears to
indicate that the two bands roughly change oppositely: when the
former band becomes clear, the latter band become less clear and vice
versa. Consequently, we assign the band at 1738 cm ™' to the amor-
phous band having conformations different from another amorphous
band at 1747 cm™ ', which is consistent with our previous report.*®
The band at 1738 cm™ " for the PHB/HCAB blend with wpy; = 0.8
at 117 °C in Figure 4b appears to be clearer than that at 190 °C in
Figure 2a. This is probably because the population of inter is higher at
117 °C than at 190 °C.

Figure S shows time evolutions of the difference spectra AA(t)
normalized with respect to AAr; AA(t)/AAs (k = 1722 or
1740 cm™ '), during the isothermal crystallization for neat PHB
(a), PHB/HCAB (b),and PHB/LCAB (c). The difference spectrum
was defined by AA(t) = A(t) — Areand AAye = A(t=0) — Aie
with Ai(t) and A being the absorbance at k cm™ " at time ¢ and that
after the completion of the crystallization, respectively. Naturally,
AA(t)/AA s for the amorphous band at 1740 cm ™ ! decrease with £,
while that for the crystalline band at 1722 cm™ ' increases with t,
commonly for all the systems. However, it is intriguing to note that a
half-time (t, ), for the time evolution is shorter at k = 1740 cm ™'
than at k = 1722 cm™ ' commonly for all the systems. This piece of
evidence reveals itself that amorphous PHB chains are transformed
into “the intermediate structure” prior to formation of the crystals
responsible for the evolution of A;,, in the case of neat PHB. In the
case of PHB/HCAB and PHB/LCAB, the amorphous chains are
transformed not only into the intermediate structure but also into
those incorporated into inter before the transformation into the
crystals with intra HBs. Moreover, the difference of (t; ) between
k=1722 and k = 1740, defined as At, /, as well as (t, ) themselves
increases in the order of PHB neat (9 min), PHB/LCAB (26 min),
and PHB/HCAB (60 min), as listed in Table 2. This trend will be
discussed later in section 4.5. The set of the data on (¢, ,); with k =
1229, 1184, and 825/895 cm™ " in Table 2 will be also discussed later
in section 4.2. The data on t, and AA(t)/AAicat t = t, also will be
discussed later in section 4.1.

3.3. Spectral Evolutions in the C—H Bending and C—0—C
Stretching Regions of PHB during the Isothermal Crystal-
lization. Figures 6a,b present spectra of PHB/HCAB and PHB/
LCAB in the region of 1400—1100 cm ™, respectively, which are
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Table 2. Half-Time (t,/,); for the Spectral Change of AA;(t)/AA¢in the Isothermal Crystallization Process”

(t12)1/min” (t1/2)/min (t1/2)1/min’
k=1722 cm™" k=1740 cm™" k=1229 cm™" k=1184 cm ' k= 825/895 cm ™!
specimen (crystal) (amorphous) Aty y° (crystal) (amorphous) Aty ? (crystal) Aty
PHB 35 26 9 32 27 S 30 3
PHB/HCAB 668 608 60 633 602 31 620 18
PHB/LCAB 66 41 26 44 32 12 36 4

“ The induction period t, for the spectral change was not subtracted to evaluate (t; ). ¥ Estimated from the data shown in Figure S. “ Aty 5 = (t12) 1722
d _ _
— (tiD)17a0- “ Atrya = (t1/2) 1220 — (ti/2)11ss © (t1/2) 525 = (tl/z)s%-fAtl/z = (t/2)s2s/80s — (t/2) 1184

o
=

=3
iy
T T

S
)

Absorbance, A(t)
e
[\S] (=}

A()-A(=0)

Absorbance, A(7)

=

2 02
I |
X 0
=

~

oo
0
K]

o
[\S}

h [
1300 1200
Wavenumber /cm™

1400 1100

Figure 6. Time-resolved FTIR spectra (top panel) and their corre-
sponding difference spectra (bottom panel) in the region of 1400—
1100 cm ™' of the PHB/HCAB blend (80/20) (a) and PHB/LCAB
blend (80/20) (b) in the isothermal crystallizations at 117 °C. The
time t, has the same meaning as that in Figure 3.

very sensitive to the conformation and packing of the PHB chain
in crystals. In parts a and b, the top panel shows the absorbance
A(t) at a given time t during the crystallization, while the bottom
panel represents the time change in the difference spectra AA(t) =
A(t) — A(t=0). Remarkable spectral changes can be readily seen
around 1304, 1279, 1258, 1229, and 1184 cm™ " for both blends
during the crystallization process. The band at 1184 cm™ ' can be
assigned to the amorphous band due to the asymmetric stretching
vibration of the C—O—C group in the PHB.** The bands at 1304
and 1258 cm ™" can be assigned to the amorphous band due to the
C—H bending of PHB chains in the helical conformation.”**” These
were transformed and split into the four sharp peaks at 1289, 1279,
1262, and 1229 cm ™', when the crystallization occurs. Moreover, the
corresponding difference spectra, AA(t), clearly demonstrate that
the intensities of these crystalline bands increase accompanied by
the decrease of the amorphous bands at 1304 and 1258 cm ™" in the
crystallization process. The spectral changes in the split peaks at 1289,

3471
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Figure 7. Normalized difference spectral intensity of the crystalline
band at 1722 cm ™" as a function of crystallization time.

1279, 1262, and 1229 cm ™' observed for neat PHB were almost
identical to those found for both PHB/HCAB and PHB/LCAB
blends, and hence the spectral changes in neat PHB were not
included in the text. It should be also noted that, though its intensity
is weak, the crystalline band at 1229 cm ™" appears to be relatively well
separated from other bands compared with the crystalline bands at
1289, 1279, and 1262 cm™ *. The red broken lines at t, = 560 and
29 min will be discussed later in conjunction with Figure 10.

4. ANALYSES AND DISCUSSION

4.1. Analyses and Discussion of Crystallization Kinetics
Based on the C=O0 Stretching Bands of PHB. The time
evolution of the band at 1722 cm ™', assigned to the v(C=0)
band from PHB crystals having the intra HBs,*®~>* is anticipated to
capture the crystallization process of PHB in the neat PHB and the
PHB/CAB blends. Thus, the normalized difference spectra at
1722 cm™ Y, AAy(t)/ AA;y, 5 were presented in Figure 7 as a
function of the crystallization time ¢ for the neat PHB and the PHB/
HCAB and PHB/LCAB blends at wpyys = 0.8. At this moment let us
assume for simplicity that AA;75,(t) o= X () and AA 7 ¢ o< X
where X.(t) and X_¢is the crystallinity at time t and that after the
completion of the crystallization, respectively. Then we get

AAy(t)/AAim s = Xc(t) /X (1)

so that the normalized spectral change with time given by eq 1
reflects the change of the normalized crystallinity X.(t)/X.¢ with
time. Figure 7 indicates that the crystallization of PHB/LCAB and
PHB/HCAB completes at ~100 and ~750 min, respectively, much
later than the neat PHB (~90 min). Obviously, both of the blends
show a large induction period, 4, than neat PHB.

The kinetics of crystallization can be analyzed on the basis of
the Avrami’s equation:>>>?

dx.doi.org/10.1021/ma200365e |Macromolecules 2011, 44, 3467-3477



Macromolecules

0.15 . :

[ [
000 oo oo °

~ 0.050 0 3 .
a (b) PHB/HCAB
3 | . 2
E\ 0.025 tl =468 min
2 0 000 = V(\'OOOOO. 1 n
6 1440 460 480 500
. , : . s .
[ ]
" (c) PHB/LCAB °
0.10 |- 4
I t =8 min )
0.05 |- 1 4

..
0.00 pe—=s2® , ) )

0 10 . 20 30
t /min

Figure 8. Determination of the induction time t; for the normalized
spectral intensity change of the crystalline band at 1722 cm ™" of the neat
PHB (a), PHB/LCAB blend (b), and PHB/HCAB blend (c).

Xe(t)/Xee = 1= exp( = kat") (2)

Here ky is the crystallization rate constant, which depends on
nucleation mechanism (homogeneous vs heterogeneous), linear
growth rate of crystals G, the growth habit (dimensionality) of
the growing crystals and nucleation rate N (in the case of
homogeneous nucleation), or the number of heterogeneous
nuclei N in the case of heterogeneous nucleation. On the other
hand, the Avrami exponent n depends on the growth habit and
the nucleation mechanism. From eq 2, we obtain

In{—In[1 — (X.(t)/X, )]} =Inka+nlnt  (3)

Equation 3 provides a conventional method to evaluate the
Avrami constants k, and 7 from the time evolution of AA,7,,(t)/
AA;75, ron the basis of the assumption given by eq 1. The time ¢
in eqs 2 and 3 refers to the time elapsed after X (t) starts to
increase from zero and corresponds to (t — ¢;) in our definition
of t (see section 2.2), where t, is the induction time for the onset
of the crystallization. It is important to note that the determina-
tion of t=0in eqs 2and 3 or t, in (t — ¢,) in our definition for the
Avrami plot significantly influences the values of ks and n
obtained from the plot.

Figure 8 shows the time evolution of AA;,(t)/AA 72:¢
focused on only in the early stage of the whole spectral change
with time shown in Figure 7. As a first trial, we assumed that ¢; can
be evaluated as an intercept of the two straight lines as shown in
the figure. The value t; is assumed to be an induction period for
the spectral change as well as that for an inception of the
crystallization process which gives rise to the increase of X (t)
from zero. Actually, we confirmed the fact that spherulites are
nucleated and grown only at ¢ > t; for PHB, PHB/HCAB, and
PHB/LCAB, as will be shown later in Figure 11. Consequently,
the assumption made above seems reasonable.

Then the normalized spectral changes (shown by symbols) are
replotted in Figure 9a against the effective time (t — ¢;)
appropriate for the Avrami analysis with eq 2 or 3. The figure

e PHB

© PHB/LCAB

© PHB/HCAB
Avrami fit for
PHB
----- PHB/HCAB
— — PHB/LCAB

0.01 0. 1

1 10 .
Et)NE-1),

-, /min

Figure 9. Changes of the normalized difference spectral intensity of the
crystalline band at 1722 cm ™" with t — ¢, (a) and (t — t,)/(t — t,) 1> (b).
The black line, red broken line, and blue dash-dotted line are Avrami fit
shown in Figure 10 for PHB, PHB/HCAB, and PHB/LCAB, respectively.

T T T T
2k .
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T 2F J
! |
=
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Figure 10. Avrami plots for the crystalline band at 1722 cm ™' of neat
PHB (®), PHB/HCAB blend (O), and PHB/LCAB blend (O). The
arrows indicate the critical times #,’s, satisfying In[t, — t;]/min] = 2.80,
3.04, and 4.51 for PHB, PHB/LCAB, and PHB/HCAB for the onset of
the deviations of the data points from the Avrami plot.

clearly demonstrates the increase of the crystallization half-time,
(t — t1)12, and the time span (t — t; )¢between ¢, and the time ¢
for the completion of the crystallization in the order of neat PHB
(29 and 74 min), PHB/LCAB (59 and 164 min), and PHB/
HCAB (200 and 350 min), respectively. The solid, broken, and
dash-dotted lines in Figure 9a will be discussed below in
conjunction with Figure 10. Figure 9b shows the reduced spectral
changes against the reduced time, (t — t,)/(t — t,) 15, for the same
three systems. The reduced curves are not universal, indicating that
the crystallization mechanism and kinetics as observed by the
spectral changes are different for the three systems.

The nonuniversality of the reduced curves shown in Figure 9b
further motivated us to analyze them by means of the Avrami
plots, the results of which are shown in Figure 10. The results
revealed that the early stage of the spectral change can be well
approximated by a straight line as given by eq 3 for each of the
systems. The Avrami parameters thus determined from the
1722 cm ™' band are summarized in the row of 1722 cm ™' in
Table 3 for PHB, PHB/HCAB, and PHB/LCAB together with t;
and (t — t1)1/2. The results shown in Figure 10 indicate the
upward deviations of the data in the late stage at t > ¢, from the
straight lines as well, where t,’s are the critical time for the onset
of the deviations as indicated by the arrows in Figure 10.

3472 dx.doi.org/10.1021/ma200365e [Macromolecules 2011, 44, 3467-3477



Macromolecules

Table 3. Characteristic Parameters for the Isothermal Crys-
tallization As Evaluated by Using the Avrami Plots and
Choosing the Induction Period ¢, for the Time Evolution of
the Various Crystalline Bands

Avrami
constants
half-time
observed induction (t—t)y ka X
band time £; 5 103
sample (em™) (min) (min) n min "
PHB 1722 6 29 1.3 3.7
1229 6 26 1.4 4.2
825 6 26 12 5.6
PHB/HCAB 1722 468 200 1.4 0.29
1229 473 162 1.3 0.68
825 471 147 1.4 0.51
PHB/LCAB 1722 8 59 1.4 22
1229 8 36 1.3 6.7
825 6 30 12 9.9

Table 4. Critical Time t, and [AA(t=t,)/AA¢] in the
Isothermal Crystallization Process

[AAk(t) /AAk,f] at t=t,

t*

sample (min) k=1722 k=1740 k=1229 k=825/895" k=1184

PHB 23 0.16 0.61 0.23 0.23 0.65
PHB/HCAB 560 0.14 0.65 0.22 0.25 0.67
PHB/LCAB 29 0.14 0.68 0.30 0.38 0.63

“The time beyond which the Avrami plot shown in Figure 10 based on
k = 1722 cm ™" starts to deviate from the straight line. ®The value
[AA(t=t,)/AA.g] at k = 825 em™ ! is equal to that at k = 895 cm ™.

The arrows satisfy In[(t, — t;)]/min] = 2.80, 4.51, and 3.04,
hence the estimated value of t, being 23, 560, and 29 min for
PHB, PHB/HCAB, and PHB/LCAB, respectively, as summar-
ized in Table 4.

If the early stage of the spectral change at t < t,, which fits with
the straight line in the Avrami plot, corresponds to the primary
crystallization process and the late stage at t > £, corresponds to
the secondary crystallization process, we usually expect the
downward deviations of the data points in the late stage from
the straight lines, simply because the secondary crystallization is
usually slower than the primary crystallization. We separately
observed the time-resolved growth of crystalline superstructures
under polarizing optical microscopy. Figure 11 demonstrates
some typical results. We found that the time t,’s were approxi-
mately equivalent to those where the spherulites impinge each
other to approximately fill a whole sample space commonly for
PHB, PHB/HCAB, and PHB/LCAB, as typically shown in parts
b and d. Since the behavior of PHB/HCAB with respect to this
point was almost the same as that of PHB/LCAB, the data on
PHB/HCAB were not included in the figure. We found also the
fact that at t < t; there are no nucleation and growth of
spherulites, the nucleation and growth being observed only at ¢
> t, for all the three systems as typically shown in parts a and c.

Consequently, we confirmed that the early stage and the late
stage for these specimens correspond to the primary crystal-
lization process and the secondary crystallization process, re-
spectively. In Figure 9a the black solid line, red broken line, and

Figure 11. Polarized optical micrographs of PHB at £ = 9 min (>t; = 6
min) (a) and t, = 23 min (b) and of PHB/LCAB at t = 13 min (>t; = 8
min) (c) and t, = 29 min (d), which were obtained during the isothermal
crystallization process at 117 °C. The POM images at ¢ < t; did not show
no spherulites at all for all the specimens, so that the images were
not shown.

the blue dash-dotted line correspond to the straight lines shown
in Figure 10 for PHB, PHB/LCAB, and PHB/HCAB, respec-
tively. The arrows in Figure 9a correspond to those in Figure 10,
and therefore the experimental data in the late stage or the
secondary crystallization process reveal the unusual upward
deviation from the Avrami fits.

Thus, it is quite striking to discover the upward deviation of
the experimental data in the secondary crystallization process
from the Avrami fit in Figures 9 and 10. We think it is crucial to
elucidate a physical origin of the upward deviations. The FTIR
spectra or the second-derivative spectra at t, were highlighted by
the red broken line in Figures 3 and 4 for the ¥(C=0) band and
in Figure 6 for the C—H bending and C—O—C stretching band.
We can find that the primary crystallization processatt; < t < t,
is the one where the peak at 1722 cm™ " is not well developed in
the original spectra and the second-derivative spectra. The
difference spectra at 1229 and 1184 cm™ ' in Figure 6 show only a
weak maximum and minimum, respectively. Thus, the primary
crystallization process in these systems corresponds to only an early
stage of the spectral change of the v(C=0) band or of the C—H
bending and C—O—C asymmetric stretching bands. We believe that
a further analysis of the spectral change is crucial for a deeper insights
into the mechanisms of the crystallization process in these systems.

4.2. Analyses and Discussion of Crystallization Kinetics
Based on the C—H Bending and C—O—C Stretching Bands of
PHB. Up to this stage we analyzed the isothermal crystallization
process as observed by the v(C=0) band of PHB. We have con-
ducted similar analyses on the C—H bending and v(C—0O—C)
bands of PHB as listed in items 1 and 2 below:
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Scheme 1. Multistep Crystallization Process of PHB in Neat PHB and PHB/CAB Blends”
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“The scheme shows (a) possible states of PHB chains [from (al) to (a4)], (b) transformations between the different states with ¢ (b1; amorphous to
intermediate structure, b2; intermediate structure to crystals without intra HBs, b3; crystals without intra HBs to crystals with intra HBs), (c) the

observed spectral changes with ¢ [from (c1) to (c4)], and (d) various crystallization process [from (d1) to (d3)]. The characteristic times of f;yerm .

cry,

notBy and fay pp are the onset times for formation of the intermediate structure, crystals without intra HBs, and crystals with intra HBs, respectively.

(1) The analyses on the time evolution of the reduced
difference spectral intensity AA(t)/AA¢ for k = 1229,
1184, 895, and 825 cm ™, in a similar manner as shown in
Figure S for the v(C=0) bands. The results are summa-
rized in Table 2 and compared with those for the v(C=0)
bands, though the corresponding plots were not included
in the text.

(2) The analyses of the induction period t; (in a similar
manner as shown in Figure 8 for A;,,), the crystallization
half-time (t — t,);/, (in a similar manner as shown in
Figure 9 for A;,,,), and the Avrami constants by using the
Avrami plot (in a manner as shown in Figure 10 for A7,)
for the spectral changes in the primary crystallization
process. The results are summarized in Tables 3 and 4 and
compared with those for the v(C=0) bands, though the
corresponding plots are not shown in the text. The
Avrami plots based on Aj,59, Aj154) Agos, and Agys also
showed a good linearity for the primary crystallization
process, as good as the plot shown in Figure 10, and
showed also the upward deviations of the data points in
the secondary crystallization process at t > t, as shown in
Figure 10. Thereby the plots are not included in the text.

The results shown in Table 2 reveal the following pieces of

evidence for the isothermal crystallization of PHB. (, /5)1-1184 =
(t12)k=1740 < (t1/2)k=1220 = (t1/2)i=s25/805 (evidence 1). The
crystallization half-time as observed by the spectral change of the
amorphous band of 1184 cm ™' is nearly equal to that of the
amorphous band of 1740 cm ™. They are smaller than those as
observed by the spectral changes of the crystalline bands of 1229, 895,
and 825 cm™ ' which are nearly equal to one another. These results
indicate that (i) the absorbances of these two amorphous bands at
1184 and 1740 cm ™' (defined as A, ;g4 and A4, respectively) decay
commonly due to a series of events found at ¢ > £ (the onset
time for formation of the intermediate structure) as indicated in
Scheme 1 [see the spectral change (c1)]: the transformation from
amorphous melts (al) to the intermediate structure (a2) at t = term
[the process (b1)], then to lamellar crystals without intra HBs (a3) at
t = teysnors [the process (b2)] and finally to lamellar crystals with
intra HBs (a4) at t = fyup [the process (b3)] in the order of
the increasing crystallization time . Here the characteristics times
terysnors AN frys i designate the onset time for formation of crystals

crys;
without intra HBs and the onset time for formation of crystals with
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Figure 12. Normalized difference spectral intensity as a function of the

crystallization time (t — t,) for the crystalline bands at 1722, 1229, 895,

and 825 cm ™ .

intra HBs, respectively. The multistep crystallization process which
involves the intermediate structure or less ordered crystals is
consistent in general with the model proposed by Strobl.>*

The processes (bl) and (b2) respectively increase and de-
crease A;73,, so that its spectral change with t is complex [see the
spectral change in (c2) in Scheme 1]. The results also indicate
that (ii) the absorbances of these three crystalline bands at 1229,
895, and 825 cm ™' (defined as A;539, Agos, and Agys, respec-
tively) increase commonly due to a series of events occurring at
t 2 torysnoHB [see the spectral change in (c3) in Scheme 1]. The
increase of Aj,,9, Aggs, and Ag,s with t will be explicitly clarified
later in conjunction with Figure 12. Interestingly, this experi-
mental result infers that the process (b3) will not decrease A5,
Aggs, and Ag,s, which in turn elucidates such an important fact
that these bands originate not only from crystals without intra
HBs but also from crystals with intra HBs, thereby the process
(b3) from (a3) to (a4) hardly giving rise to changes in A5,
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Agos, and Ag,s. The results shown in Table 2 reveal also the fact
that (t1/2)k=1220 < (t1/2)k=1722 (evidence 2). This indicates that
(iii) intra HBs are formed at t > t y yyp within the crystals which
are free from intra HBs and which have been formed at t >
terysnotis s shown in Scheme 1 [see the spectral change in (c4)
and the process (b3)].

In the case of the blends, Table 2 further elucidates the
followings, in addition to evidence 1 and evidence 2 as described
above for neat PHB: (¢, /,) s for the blends are large than (¢, 5)is
for neat PHB for any one of the given spectra k (evidence 3).
Physical significances of this result will be discussed later in
section 4.5. Furthermore, the enlarged (f,,,);s for the blends
reveal also a trend that (,/5)i-g25/805 is slightly smaller than
(t1/2) k=122 (evidence 4). This trend indicates that (iv) the bands
at 825 and 895 cm™ ' may be more sensitive to the intermediate
structure than the band at 1229 cm ™' and hence starts to increase
slightly earlier than t .y norp before formation of the crystals free
from intra HBs, although this trend is not explicitly presented in
Scheme 1.

The results summarized in Scheme 1 clearly elucidate the fact
that formation of the intermediate structure during the crystal-
lization process can be most clearly recognized by the “apparent
change” in A7, crystalline band with time. This is because the
band is not affected and buried by the increase of the absorbance
due to the lamellar crystallization without intra HBs up to the
time t = t.ypp and because the band is expected to contain
the contributions of the crystals with intra HBs and that of
the intermediate structure [compare processes (c2) to (c4) in
Scheme 1].

The experimental facts (evidence 1 to evidence 4) found
above in conjunction with Table 2 can be confirmed also
by Figure 12, which shows the normalized difference spectra
AA(t — t;)/AA;¢ as a function of the effective crystallization
time (t — t,) after the induction time ¢, for the crystalline bands
at 1722, 1229, 895, and 825 cm ™ *. The figure clearly elucidates
that the time evolutions of Ag,s and Aggs are almost identical and
slightly faster than that of A5, for the blends and that the time
evolution of A;-,, is much behind than those of Ag,s, Aggs, and
Aj220. The fact that the time evolutions of Ag,s, Aggs, and Aj2a9
are caught up by that of A7, at the long time limit elucidates the
fact that Ag,s, Agos, and Aj,y9 are attributed to not only the
crystals without intra HBs but also the crystals with intra HBs,
although the contribution of the crystals without intra HBs to these
spectra itself decreases with time. The figure elucidates also the
fact that the primary crystallization as observed by POM, which
completes at t,, occurs at much earlier stage than the half-times
(t12)1s as observed by the spectral changes and that formation of
the crystals with intra HBs, and hence the evolution of A;-,, occurs
primarily in the secondary crystallization process at t > t,.

4.3. Discussion about Consequences of Avrami Analyses.
Table 3 compares the results obtained from the Avrami’s analyses
where the analyses done for the amorphous bands of 1740 and
1184 cm™ ' were excluded, simply because their spectral changes
reflect not only the crystal formation but also for formation of the
intermediate structure in the case of neat PHB and for formation
of inter as well in the case of the blends. The induction time t; for
the spectral change is almost independent of the spectra inves-
tigated in this work for both neat PHB and the blends and hence
corresponds t0 terysnors Shown in Scheme 1. Almost the same
arguments as those given for (t,,,), in Table 2 can be applied to
the crystallization half-time (t — t,); /. The Avrami exponent n =
1.3—1.4 is almost independent of the spectrum selected and is

the same for neat PHB and the blends. The crystallization rate
constant k, also is independent of the spectrum selected but
strikingly depends on the systems: (ka)pup/mcas << (ka)pup =
(ka)prp/Lcap, the trend of which will be discussed later in
section 4.5. The physical implications of these Avrami constants
n and k, also will be separately discussed in the next section.

Table 4 shows the time t, at the end of the primary crystal-
lization and the values of the normalized difference spectra Fy(t)
= [AA(t)/AAg] at t = t, for various bands at 1722, 1740, 1229,
1184, and 825/895 cm ™ for neat PHB, PHB/HCAB, and PHB/
LCAB. The values Fi(t) increase with time for the crystalline
bands at 1722, 1229, and 825/895 cm ™, while the value [1 —
F(t)] increase with time for the amorphous bands at 1740 and
1184 cm ™. These values at t = t, are related to the progress of the
crystallization at the end of the primary crystallization. The time
t, increases in the order of PHB, PHB/LCAB, and PHB/HCAB,
physical significances of which will be discussed later in section
4.5. The fact that Fi_172:(t,) < Fie1220(t2) < Fiegas/sos(ta) for
both neat PHB and the blends elucidates again the fact that
formation of the crystals having intra HBs occurs after formation
of the crystals free from intra HBs, as shown in Scheme 1. The fact
that 1 — Fi_j740(ty) = 1 — Fi_j1s4(ty) > Fi(ty) for all the
crystalline bands (k = 1722, 1229, and 825/895 cm™ ") and for
neat PHB and the blends elucidates again the fact that spectral
changes in the amorphous bands include formation of the
intermediate structure prior to the crystallization in the case of
neat PHB and formation of the intermediate structure and inter in
the case of the blends.

4.4. Discussion about Physical Interpretations of Avrami
Exponents n = 1.3—1.4. As presented in Table 3, we found that
the exponent n was equal to 1.3—1.4, a constant value indepen-
dent of the samples, neat PHB, and the blends PHB/HCAB and
PHB/LCAB. This means that the nucleation mechanism
(homogeneous or heterogeneous) and the growth habit of
PHB are the same for all the samples. The specific value of n =
1.3—1.4 suggests the following two plausible models.

Model 1. The homogeneous nucleation with one-dimensional
growth habit with its growth being controlled by diffusional
process predicts the value n given by’

n=15 (4)
On the basis of the same concept, we can derive
ky = (constant)Dl/Zkn (5)

where the constant depends on X 0./ p with X, p;, and p being
crystallinity within spherulites, density of spherulites, and density
of polymers. In eq S, D is the diffusion constant of PHB: more
specifically, D = D, for neat PHB and D = D, for the blends. k,, is
the nucleation rate constant.

Model 2. The heterogeneous nucleation with one-dimensional
growth habit, which involves sporadic nucleation with specific
probability on predetermined nuclei N, predicts the following
equation

In[1 — X (t)/X.¢] = — (constant)GNt (6)

if vt is large, so that all the predetermined nuclei are activated
simultaneously or

In[1 —X.(t)/Xe 6] = — (constant) GNwt* (7)

if vt is small, so that the predetermined nuclei are activated at a
constant rate (Nv = N, the nucleation rate) throughout the
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course of the crystallization. Thus, according to this model, n
varies between 1 and 2

1<n=2 (8)

depending on the value vt.>* k, accordingly varies between eqs 9
and 10:

ks = (constant)GN, if vt is large 9)

ky = (constant)GN, if vt is large (10)
Consequently, the observed exponent n can be accounted for
in the context of the one-dimensional growth habit of the crystals
according to either model 1 or 2 commonly for neat PHB and for
the blends of PHB/HCAB and PHB/LCAB. The small k, for
PHB/HCAB is accounted for on the basis of a small value of D/
%k, for the case of diffusion-controlled homogeneous nucleation
(model 1) or a small value of GN or GN for the case of the
sporadic heterogeneous nucleation (model 2). In all the cases the
crystal growth habit is predicted to be one-dimensional: the
lamellar growth occurs selectively along a particular direction.

Zhang et al.** previously reported n ~ 2.6 and 2.5 for the
isothermal crystallization of PHB at 129 °C based on the spectral
change of Ag,s and A;;g4 with time, respectively. The reported
values of n are much larger than those in the present work. The
disparity of n in the two experiments may be due partly to
differences in mobilities of PHB used (differences in the crystal-
lization temperature and molecular weight) and partly to lack of a
rigorous evaluation of the induction time t; and subtraction of t;
from the time ¢ taken from the inception of the isothermal
crystallization at T in their Avrami analysis.

4.5. Discussion about Comparison of the Crystallization
Kinetics of the Two Blends. In order to make a fair comparison
of the crystallization kinetics of the two blends PHB/HCAB and
PHB/LCARB in reference to that of neat PHB, it is crucial to recall
once again the special features of the two blends with respect to M,
and Nog (Table 1), which are pointed out earlier in section 1.
Namely, in these two blends, the effects of the molecular weight
(M,,) and the chemical structure (Noy;) reinforce each other coope-
ratively in the same direction on the crystallization kinetics via their
effects on the mutual diffusivity of PHB. Therefore, the larger M,, and
Nop in HCAB bring about a higher physical cross-links via inter and
higher entanglement couplings, which leads to a greater suppression
of the crystallization rate of PHB, compared to the blends with
LCAB which have the smaller M,, and Ny

These features described above account for the differences in
the following characteristic parameters among PHB/HCAB,
PHB/LCAB, and PHB: the induction period t;, the crystal-
lization half-time t,,, (the nominal value including ¢;) or (f —
t1)1/2 (the effective value after the onset of crystallization), the
time t, for the end of primary crystallization or the onset of the
secondary crystallization the time, f; for the completion of the
crystallization, and the crystallization rate constant k, as deter-
mined from the Avrami plot. The experimental results obtained
in this work are summarized as follows:

(X)PHB/HCAB > (X)PHB/LCAB > (X)pup (11)

where X in (X) refers to any quantities described above: t, t, »,
(t — t1)1/» toy tp and ka™', and the subscript K refers to the
relevant systems. These pieces of information are elucidated as
follows: t; from Figures 8 and 11 as well as Table 3; t,,, or (t —
t1)1/2 from Figures 5, 9, and 12 as well as Tables 2 and 3; ¢, from

Figures 10 and 12 and Table 4; ¢ from Figures 3—S and 7; and kn
from Table 3. The three specimens showed almost the same
Avrami exponent n as discussed already in section 4.4.

Although the special features of HCAB and LCAB discussed
above yielded the unique results as summarized in eq 11, they
made a decoupling of the effects of the molecular weight and the
effects of the chemical structure on the crystallization kinetics
difficult. In order to decouple the two effects, one can choose the
following CABs: (1) the two CABs having different molecular
weights but the same chemical structure for the monomeric units;
(2) the two CABs having the same molecular weight but the
different chemical structure. The researches based on these PHB/
CAB blends are indispensible for creating advanced ecological
polymeric materials and deserve future works. Along this line, we
think it is intriguing to compare the crystallization kinetics of PHB
with that of PHB/LCAB as briefly described below.

PHB and PHB/LCAB with wpyp = 0.8 have almost the same
glass transition temperature, Ty (—1.7 and —4.9 °C, respec-
tively).”* Furthermore, LCAB has much lower molecular weight
(1.2 x 10*) than PHB (2.9 x 10°); thus, at T. = 117 °C the
mobility of LCAB is larger than that of PHB so that LCAB may
act as a plasticizer for PHB, if LCAB and PHB were not able to
form inter. This effect is expected to make the crystallization rate
of PHB in PHB/LCAB faster than neat PHB. However, even the
small number of inter formed between LCAB and PHB actually
slowed down the crystallization rate of PHB in PHB/LCAB
compared with that of neat PHB, as found in this work. The result
reveals the fact that the effects of the physical cross-links due to
inter on the crystallization kinetics are much stronger than those
due to entanglements.

4.6. Discussion about a Physical Significance of the Up-
ward Deviations of Experimental Data from the Avrami Fit
in the Secondary Crystallization Process. We now try to
address the problem raised in section 4.1 concerning a physical
meaning of the intriguing upward deviations of the experimental data
from the Avrami fit which was found in the secondary crystallization
process, as shown in Figures 9 and 10 for A;;,,. It should be noted
that the similar deviations were also found for A 5,9, Aggs, and Ag,s, as
already pointed out in section 4.2. As already summarized in
Scheme 1 and Figure 12, the primary crystallization process, which
was well characterized by the Avrami equation, involves the trans-
formation from amorphous melts to the crystals without intra HBs via
the intermediate structure, while the secondary crystallization in-
volves the transformation from the intermediate structure to the
crystals without intra HBs and then to the crystals with intra HBs. The
upward deviations then suggest that the latter transformation (from
the crystals without to with intra HBs) occurs faster than the former
transformation. This in turn may suggest that formation of the
crystals without intra HBs is slower than formation of the crystals with
intra HBs. This is supported also by the experimental results shown in
Figure 12, where A;,, is found to increase at much larger rate than
Ajap9, Agos, and Agys in the secondary crystallization process at ¢ > t,
though it starts to increase at a later time than A}5,9, Aggs, and Ags.

5. CONCLUSION

Effects of blending of noncrystallizable CAB on the isothermal
crystallization of PHB at 117 °C were explored by the time-
resolved FTIR analyses of both the crystalline bands and
amorphous bands. We discovered that the blending strikingly
slows down the crystallization kinetics, as observed by the
reduction of the crystallization rate constant k, determined from
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the Avrami plot as well as the prolonged induction time ¢; for the
crystallization and the crystallization half-time (t — #,),, without
significantly changing the Avrami exponent itself, n = 1.2—1.4, for
both neat PHB and the blends. The slowing down of the kinetics was
found to be primarily attributed to the physical cross-linkings
between PHB chains and CAB chains formed by the intermolecular
hydrogen bondings (HBs) of PHB—C=0" - -H—O—CAB. The
unaltered n reveals the common crystallization mechanism in the
three systems studied: either the homogeneous nucleation with the
diffusion-controlled one-dimensional growth habit of the crystals or
the heterogeneous nucleation involving sporadic nucleation with
specific probability from predetermined nuclei under the one-
dimensional growth habit of the crystals.

In both neat PHB and the blends, we discovered the fact that
the crystallization involves a series of event as summarized in
Scheme 1: first formation of the intermediate structure between
crystals and amorphous melts [through process (b1) from state
(al) to (a2)], then lamellae without intramolecular (intra) HBs
of PHB—C—H::-O=C—PHB [through process (b2) from
state (a2) to (a3)], and eventually lamellae having intra HBs
[through process (b3) from state (a3) to (a4)] in the order of the
increasing crystallization time. Moreover, we discovered also the
fact that the primary crystallization involves primarily formation
of the lamellae without intra HBs, while formation of intra HBs
occurs primarily in the secondary crystallization process in the
lamellae free from intra HBs. Strikingly, our results revealed that
this secondary crystallization process occurs at a larger rate than
the primary crystallization process, giving rise to the upward
deviation from the Avrami fit as found in Figures 9 and 10. This
appears to be a specific feature inherent in PHB.

We would like to stress that simultaneous measurements of
time evolution of X-ray crystallinity during the course of the
isothermal crystallization is crucial to gain a deep insight into the
process and mechanisms of the crystallization, particularly the
upturn deviation in the time change in the normalized crystallinity
from the Avrami fit in the secondary crystallization process, as
discovered with the time-resolved FTIR. This is simply because
WAXD does not essentially distinguish the crystals without and
with intra HBs formed during the isothermal crystallization. The
simultaneous measurements well deserve future works. The dis-
covery of the multistep crystallization process involving the
intermediate structure or the less ordered crystal structure str0n§1y
supports in general the model or concept proposed by Strobl.™"
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