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ABSTRACT: Time-dependent infrared (IR) spectral variations during isothermal melt-crystallization
process of poly(3-hydroxybutyrate) (PHB) have been analyzed for different wavenumber regions (C-H,
CdO, C-O-C, and C-C stretching vibration regions) by difference spectra, second derivatives, and two-
dimensional (2D) correlation analysis, and the bands characteristic of crystalline and amorphous parts
are identified in each region. By the 2D correlation analysis, it has been found that the intensity changes
in the 1731 cm-1 band, which may be due to the intermediate state, and in the 1722 cm-1 band due to
the crystal packing occur out of phase with each other, whereas those in the two amorphous CdO
stretching bands (1747 and 1739 cm-1) ascribed to the different conformations of the main chain are
synchronous, which represents a cooperative conformational rearrangement for the CdO groups in the
amorphous state during the crystallization process. Meanwhile, a distinct delay between the intensity
change rates of bands at 1184 and 825 cm-1 indicates that the adjustment of C-O-C backbone occurs
faster than that of C-C backbone in PHB. This result has also been confirmed by investigating the 2D
correlation spectra of PHB in various spectral regions. On the basis of these observations, a physical
picture on the molecular evolution of PHB during the melt-crystallization process has been derived.

1. Introduction

The crystallization process of polymer that transfers
the entangled melt into a semicrystalline state is one
of the most important research topics in polymer physics
and has been studied for a long time.1 Thermodynami-
cally, polymer crystallization is a first-order transition
that involves overcoming an energy barrier. Building a
molecular kinetic model that links this macroscopic
concept with experimental observations has been and
still remains a difficult issue.2-6 It requires a physical
picture that can show how a three-dimensionally ran-
dom linear macromolecule is converted to a chain-folded
crystalline state despite the loss of entropy in the
process. Lotz and Cheng et al.4,5 suggested that, in
polymer crystallization, every macromolecule has to go
through several selection processes on different length
and time scales. Moreover, on the basis of broad and
detailed evidence from a large variety of experiments
on several polymer systems carried out by other re-
search groups and themselves, Strobl6 proposed a novel
crystallization model which indicates that the formation
and growth of lamellar crystallites are a multistep
process passing over intermediate states, although the
exact definition on the intermediate states is not
provided. The understanding of the crystallization
process of polymer based on the knowledge of the
molecular mobility controlling the transformation is still
lacking.

It is well documented that Fourier transform infrared
spectroscopy (FTIR) is sensitive to the conformation and
local molecular environment of polymers.7,8 More specif-

ically, the structural formation of chain segment con-
formations, helical chain conformations, and chain
packing during the crystallization can be followed by
monitoring different characteristic bands. Although one
cannot “see” a single molecular trajectory during the
polymer crystallization process, macromolecular dy-
namics in the crystallization processes can be in prin-
ciple probed at the different molecular levels or length
scales by real-time IR spectroscopy. Thus, FTIR has
been extensively used as a powerful tool for investigat-
ing the crystallization process of semicrystalline
polymers.9-12 However, because of some limitation of
the conventional spectral analysis methods, certain
useful information on the crystallization dynamics could
not have been easily “decoded” from the overlapped IR
spectral changes. Generalized two-dimensional (2D)
correlation spectroscopy, introduced by Noda in 1993,13-15

has become a powerful and versatile tool for elucidating
subtle spectral changes induced by an external pertur-
bation.

In a generalized 2D correlation spectroscopy experi-
ment, a series of perturbation-induced dynamic spectra
are collected first in a systematic manner, e.g., in a
sequential order during a temperature-, concentration-,
or time-dependent process. Such a set of dynamic
spectra is then transformed into a set of 2D correlation
spectra by a cross-correlation analysis. Some of the most
notable features of 2D correlation spectra are simplifi-
cation of complex spectra consisting of many overlapped
peaks, enhancement of spectral resolution by spreading
peaks along the second dimension, establishment of
unambiguous assignments through the correlation of
bands selectively coupled by various interaction mech-
anism, and identified the specific order of certain events
taking place under the influence of a controlled physical
variable. These features are ideally suited for the study
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of the crystallization process of polymers. The detailed
procedure for the construction of 2D IR correlation
spectra, as well as their interpretation, may be found
elsewhere.13-15

Recently, by applying the generalized 2D IR correla-
tion analysis to the study of isothermal crystallization
process of a polymer, we investigated successfully the
structural changes taking place during the induction
period of isotactic polystyrene (iPS) cold crystalliza-
tion.16 The structural evolution and crystallization
dynamics of poly(L-lactide) (PLLA) during the isother-
mal cold crystallization process were also explored by
using 2D IR spectroscopy.17 These studies demonstrate
that 2D IR correlation spectroscopy can shed additional
light on developing and perfecting the polymer crystal-
lization theory that usually heavily relies on the small-
angle X-ray scattering (SAXS), wide-angle X-ray dif-
fraction (WAXD), and morphology data, such as atomic
force microscopy (AFM) and transmission electron mi-
croscopy (TEM).

Poly(3-hydroxybutyrate) (PHB) is an optically active
aliphatic polyester with a relative low glass transition
temperature (around 5 °C) produced by bacterial fer-
mentation.18 Owing to its biosynthetic origin, it is free
from any residual contaminating catalyst. Upon crystal-
lization from the melt, the low level of heterogeneous
nuclei present in the pure PHB often makes it a
material of choice very often used for model studies of
polymer crystallization and morphology.19,20 It has been
found that PHB crystallizes into a 21-helix with an
approximately g+g+tt conformation, and the crystal
structure of isolated PHB consists of an orthorhombic
unit cell which contains two left-handed helical mol-
ecules in antiparallel orientation.21 The thermal and
melting behavior of PHB has been investigated by
several research groups,22-26 as it is related to many
potential applications of this class of polymers. Particu-
lar attention has been paid to the interaction between
the CdO and CH3 groups of PHB. In our previous
study,25 the temperature-dependent wide-angle X-ray
scattering (WAXS) study suggested that there are
intermolecular interactions between the CdO and CH3
groups in PHB, and the interactions decrease along the
a axis of the crystal lattice of PHB with temperature.
Subsequently, the existence and thermally induced
changes of the C-H‚‚‚O hydrogen bond between the Cd
O group and the CH3 group were also verified by a
temperature-dependent IR spectroscopy study of PHB.26

Another remarkable feature of PHB is that, although
the isolated polymer is highly crystalline, the native
PHB within cell granules are found only in the amor-
phous state.27 Recently, Ezquerra et al.28 also obtained
stable amorphous PHB nanofilms at room temperature
by a simple spin-coating method. Obviously, it is an
important and interesting work to suggest the mecha-
nism, which inhibits the crystallization process of PHB
under these confined conditions. However, we notice
that the crystallization mechanism, even for the bulk
PHB, is still unclear, and relatively few reports focus
on studying its crystallization process.22,29

In the present study, using conventional spectral
analysis methods for IR spectra, such as difference
spectra and second derivatives, together with 2D cor-
relation analysis, the spectral changes and molecular
dynamics of PHB during the melt-crystallization at
129 °C are investigated in detail. Our results show that
a band at 1731 cm-1, which may be related to the

intermediate state, does exist in the melt-crystallization
process of PHB, and the structural adjustments of
various functionalities in a polymer chain are coopera-
tive and sequential.

2. Experimental Section

2.1. Material and Sample Preparation Procedures.
Bacterially synthesized PHB was obtained from the Procter
and Gamble Co., Cincinnati, OH. It was dissolved in hot
chloroform, reprecipitated in methanol as fine powder, and
vacuum-dried at 60 °C. A PHB film for an IR measurement
was cast on KBr windows from a 1% (w/v) PHB chloroform
solution. After the majority of the solvent had evaporated, the
film was placed under vacuum at room temperature for 48 h
to completely remove the residual solvent. Special attention
was paid to ensure that the film examined was sufficiently
thin (typically thickness is about 10 µm) to be within the
absorption range where the Beer-Lambert law is obeyed. That
is, the absorbance intensities of the strongest CdO stretching
bands of PHB were controlled under 1.0 absorbance unit.

2.2. FTIR Spectroscopy. For the IR study of the melt-
crystallization process of PHB, the KBr windows with the
sample was set on a homemade variable temperature cell,
which was placed in the sample compartment of a Nicolet
Magna 870 spectrometer equipped with a MCT detector. The
sample was first heated at 10 °C/min up to 195 °C (about
25 °C above the melting point) for 1 min to melt the polymer
and erase the thermal history. Then, it was cooled at 5 °C/
min to 129 °C for isothermal melt-crystallization. During the
cooling period, we monitored structural changes in PHB with
real-time IR measurements. From the real-time IR spectra,
we found that there was no crystallization occurring im-
mediately after the sample was cooled to 129 °C and that the
crystallization rate under this temperature was also suitable
for our real-time IR measurement. From the IR spectra, it was
also found that 6 h is needed for finishing the crystallization
at 129 °C. IR spectra of the specimen were collected at a
2 cm-1 resolution with a 2 min interval during the annealing
process. The spectra were obtained by coadding 16 scans.

2.3. 2D IR Correlation Analysis. Before performing the
2D correlation analysis, the IR spectra were preprocessed to
minimize the effects of baseline instabilities and other non-
selective effects. The wavenumber regions of interest were
truncated first and subjected to a linear baseline correction,
followed by offsetting to the zero absorbance value. Sixteen
spectra with an equal time interval in a certain wavenumber
range were selected for the 2D correlation analysis, which was
carried out by using the software named “2D Pocha” composed
by D. Adachi (Kwansei Gakuin University). The time-averaged
1D reference spectrum is shown at the side and top of the 2D
correlation maps for reference. In the 2D correlation maps,
areas without dots indicate positive correlation intensities,
while those with dots indicate negative correlation intensities.

3. Results and Discussion

3.1. CH Stretching Region. The time-dependent
spectral evolution in the C-H stretching region during
the melt-crystallization process of PHB at 129 °C is
shown in Figure 1a. It can be seen that many new
spectral features appear with the PHB sample trans-
forming from the amorphous state to the semicrystalline
state. To make these spectral changes clearer, difference
spectra shown in Figure 1b were calculated by the
subtraction of the initial spectrum from the spectra
shown in Figure 1a. Figure 1c shows the second deriva-
tives of the spectra measured at the beginning (0 min)
and the end (300 min). From the second derivative
spectra (Figure 1c), it can be seen that three obvious
bands (2986, 2937, and 2878 cm-1) can be detected for
the amorphous sample. These bands are assigned to
CH3 stretching modes, CH2 stretching modes, and CH
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stretching modes, respectively.22,26,30 For the semicrys-
talline sample, the situation become complex, and there
are eight bands (3007, 2997, 2987, 2976, 2966, 2935,
2927, and 2873 cm-1) in the C-H stretching region. The
difference spectra clearly demonstrate that the intensi-
ties of the bands at 3007, 2976, 2966, 2935, and
2927 cm-1 increase gradually with the development of
the crystalline structure of PHB. Among these crystal-
line bands, the two pairs of bands, the bands at 2976
and 2966 cm-1 and those at 2935 and 2927 cm-1, may
result from the crystal field splitting. Usually, the
crystal field splitting can be caused by the intermolecu-
lar interaction due to molecular packing in a crystal unit
or the intramolecular interaction due to the formation
of helix structure.31,32 It has been found that PHB
crystallizes into a left-handed 21-helix with the anti-
parallel alignment in a unit cell.17 Thus, crystal field
splitting should be responsible for the two new band
pairs. An interesting observation is made that there is
no significant change in the intensity of the band at
2997 cm-1 from the difference spectra (Figure 1b),
although it can be clearly detected in the second
derivative spectrum of semicrystalline sample. We as-
signed the band to a crystalline band before.33,34 How-
ever, we reconsider this assignment after checking the
second derivative spectrum (Figure 1c) of amorphous

sample in detail. It is easy to find that the peak shape
around 2986 cm-1 is not symmetric on the high-
frequency side. Therefore, the band at 2997 cm-1 should
already exist in the amorphous state and is not a
crystalline sensitive band.

There are two other interesting spectral changes in
the C-H stretching region during the melt-crystalliza-
tion process of PHB at 129 °C. First, the CH stretching
band shifts from 2878 to 2873 cm-1. Such low-frequency
shift should be correlated to the disordered to ordered
conformational transition of PHB in the crystallization
process. Second, a new band appears at 3007 cm-1 as a
symmetric positive peak in the difference spectra (Fig-
ure 1b), and its intensity increases with the annealing
time. Obviously, this band should be assigned to a
crystalline band.26 It has been well-known that CH3
asymmetric stretching bands appear in the 2900-3000
cm-1 region. Thus, the appearance of the CH3 asym-
metric stretching band at 3007 cm-1 is rather unusual.
Recently, several research groups35-37 reported that the
appearance of a CH3 asymmetric stretching band above
3000 cm-1 indicates the existence of a C-H‚‚‚O hydro-
gen bond. In our previous IR study on the thermal
behavior of PHB, we demonstrated a peak shift for the
band around 3007 cm-1. On the basis of this observation
together with the results of WAXD, we suggested that
there is a CH3‚‚‚OdC intermolecular hydrogen bond in
PHB crystals.29 We will analyze this band again by 2D
correlation analysis later.

3.2. CdO Stretching Region. Figure 2a shows
spectral changes in the CdO stretching region during
the melt-crystallization process of PHB at 129 °C. In
the corresponding difference spectra (Figure 2b), the

Figure 1. (a) Temporal changes in the IR spectrum in the
range of 3050-2850 cm-1 during the melt-crystallization
process of PHB at 129 °C. The spectra were arranged with a
20 min interval. (b) Difference spectra obtained by the
subtraction of the initial spectrum from the spectra shown in
(a). (c) Second derivatives of the spectra measured at 0 and
300 min.

Figure 2. (a) Temporal changes of the IR spectrum in the
range of 1860-1600 cm-1 during the melt-crystallization
process of PHB at 129 °C. The spectra were arranged with a
20 min interval. (b) Difference spectra obtained by the
subtraction of the initial spectrum from the spectra shown in
(a).
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intensity of a positive peak at 1722 cm-1 increases
gradually with time, while that of a negative peak at
1743 cm-1 decreases during the crystallization process.
It seems rational to assign the 1722 cm-1 band to the
ν(CdO) for the crystalline phase and the 1743 cm-1

band to the ν(CdO) for the amorphous phase.25,26,34,38

However, from the second derivatives (Figure 3) of
the spectra shown in Figure 2a, four bands at 1747,
1739, 1731, and 1722 cm-1 can be detected in the 1780-
1700 cm-1 region during the crystallization process.
Among these bands, the 1747 and 1739 cm-1 bands
already exist in the amorphous state. The quantum
chemical calculations by Dybal et al.39 indicate that the
two CdO stretching bands arise from the different
conformations of the main chain. Surprisingly, two
crystalline bands appear in the crystallization process,
although the 1731 cm-1 band cannot be detected evi-
dently form the spectra obtained at the end of the
crystallization process. In our previous study, the band
at 1722 cm-1 was ascribed to the crystalline packing.21

That is, it is correlated to the antiparallel alignment of
the 21 helix chain in a unit cell. However, the assign-
ment on the 1731 cm-1 band is not clear.34,38 By using
a curve fitting, Yoshie et al.38 found three bands in the
CdO stretching band region of semicrystalline PHB and
assigned the bands at 1728 and 1722 cm-1 to the
interfacial and crystalline phases, respectively. Usually,
for the semicrystalline polymer, the amount of the
interphase between the lamellar crystallites and amor-
phous layers should gradually increase with the crystal-
lization time. Thus, it is rational to speculate that the
intensity of the “interphase band” would also gradually
increase during the crystallization process. However, the
intensity of the band at 1731 cm-1 tends to decrease in
the late period of the crystallization process as displayed
in the second derivative spectra (Figure 3). Therefore,
it may be more suitable to relate this band to “inter-
mediate state” rather than “interphase” for explaining
the spectral changes in the ν(CdO) region during the
melt-crystallization process of PHB.

Padermshoke et al.33 also observed the 1731 cm-1

band on investigating the melting behavior of PHB by
2D IR spectroscopy and assigned the weak band at
1731 cm-1 to the crystalline part with a less ordered

structure. Although there is no accurate definition for
the concept of “intermediate state” or “less ordered
structure” in the literature, they both reflect that there
is a different physical state between the amorphous and
crystalline states for the semicrystalline polymer. The
assignment of “intermediate state” supports Strobl’s
multistep crystallization model mentioned in the Intro-
duction. That is, there is an intermediate state during
the formation and growth process of PHB lamellar
crystallites. If such conjecture is correct, there should
be a sequential change for these amorphous and crys-
talline CdO bands. To check this point, 2D correlation
spectroscopy is employed.

Parts a and b of Figure 4 show the synchronous
Φ(ν1,ν2) and asynchronous Ψ(v1,ν2) 2D correlation spec-
tra, respectively, in the region of 1800-1670 cm-1

generated from the time-dependent spectra obtained
during the crystallization process at 129 °C. In the
synchronous spectrum, two autopeaks developed around
1743 and 1722 cm-1 together with negative cross-peaks
at (∼1743, 1722) cm-1 indicate the spectral variations
of the amorphous and crystalline components of the
PHB polymer. Three pairs of cross-peaks are observed
at (∼1743, 1722), (1731, 1722), and (1722, 1715) cm-1

in the corresponding asynchronous spectrum. The un-
expected band at 1715 cm-1 should correspond to
“concave upward” lobe in the second derivative spectra
(Figure 3). From the elongated shape of the cross-peak
around (∼1743, 1722) cm-1 and the bands analysis
above, it is rational to conclude that the cross-peak
around 1743 cm-1 in the 2D spectra represents the
changes in the two different amorphous conformation
bands of the CdO group at 1747 and 1739 cm-1.

The asynchronous spectrum represents sequential or
successive changes of spectral intensities measured at
v1 and v2. According to Noda’s rule,13 the sign of an

Figure 3. Second derivatives of the spectra measured during
the isotherm crystallization process of PHB at 129 °C. The
spectra were arranged with a 40 min interval from 0 to
280 min.

Figure 4. Synchronous (a) and asynchronous (b) 2D IR
correlation spectra of PHB, in the ν(CdO) region, calculated
from the spectra obtained during the isotherm crystallization
process at 129 °C.
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asynchronous cross-peak becomes positive if the inten-
sity change at v1 occurs predominantly before v2 in the
sequential order of t. It becomes negative, on the other
hand, if the change occurs after v2. This rule is, however,
reversed if the corresponding synchronous intensity
becomes negative, i.e., Φ(v1,v2) < 0. Therefore, the
information about the sequential changes of the four
bands (1747, 1739, 1731, and 1722 cm-1) in the
ν(CdO) region can be derived from Figure 4. In the
synchronous spectrum (Figure 4a), Φ (∼1743, 1722) <
0, and in the corresponding asynchronous spectrum Ψ
(∼1743, 1722) < 0 and Ψ (1731, 1722) >0 (Figure 4b).
These observations indicate that the sequential order
of these bands is ∼1743 cm-1 (1747 and 1739 cm-1) >
1731 cm-1 > 1722 cm-1, which is consistent with our
conjecture above. That is, the existence of an intermedi-
ate state may be the reason why the decreases in the
crystalline components do not proceed simultaneously
with the increase in the amorphous component. There
is no asynchronous cross-peak between the two amor-
phous ν(CdO) bands (1747 and 1739 cm-1), which
indicates that there is a cooperative conformational
adjustment for the CdO group in the amorphous state.
However, we should realize that there is no direct
evidence to relate the 1731 cm-1 band to intermediate
state yet. For making clear these sequence changes of
ν(CdO) bands, further work is needed to explore the
accurate assignment of these bands.

Another notable point in Figures 2 and 3 is that a
very weak peak appears at 1686 cm-1, and its intensity
increases with the crystallization time. Obviously, it is
a crystalline sensitive band; however, there is no as-
signment for this band in the literature. On the basis
of its weak intensity and band position, we speculate
that this band is related to the crystal defect which is
caused by the interaction of an OH end group and a
CdO group of PHB.

3.3. C-O-C Stretching and C-C Stretching
Region. Figure 5a shows the temporal changes of the
IR spectrum in the range of 1500-800 cm-1 during the
melt-crystallization process of PHB at 129 °C. In this
region, bands due to the CH3 and CH bending vibrations
and the C-O-C and C-C stretching vibrations are
heavily overlapped, and band assignments are not
straightforward. Relatively large changes occur in the
C-O-C stretching region from 1300 to 1000 cm-1 and
in the C-C backbone stretching region from 1000 to
800 cm-1. Therefore, we mainly investigate the spectral
changes in these two regions. To emphasize the spectral
changes and to relate the intensity changes of these
peaks to the crystallization kinetics, difference spectra
were calculated by subtracting the initial (amorphous
state) spectrum from the rest of spectra in Figure 5a
and are displayed in Figure 5b. In the region of 1300-
1000 cm-1, a band at 1184 cm-1 is characteristic of the
asymmetric stretching vibration of the C-O-C group,
and its intensity decreases largely with the crystalliza-
tion time. Bloembergen et al.40 had estimated the degree
of crystallinity of PHB by following the relative intensity
of this band, which displays the largest difference in
intensity in the 1500-800 cm-1 region between the
crystalline and amorphous states and is better resolved
than the other crystalline bands.

However, little study has been reported on the band
assignments of the C-C stretching vibration region
(1000-800 cm-1). The spectral changes in this region
are very interesting and pronounced as shown in its

enlarged spectra (Figure 6). Five crystalline bands at
978, 938, 929, 896, and 825 cm-1 can clearly be identi-
fied form both the enlarged spectra (Figure 6) and the
difference spectra (Figure 5b). We notice that a part of
the molecular structure in the repeat unit of PHB is the
same as that of polypropylene (PP) and that bands due
to the helical forms of sPP and iPP appear in the range
of 1000-800 cm-1.41,42 Therefore, it is natural to propose
that these crystalline bands of PHB appearing in the
range of 1000-800 cm-1 are correlated to the formation
of the 21 helix structure of PHB chain.

To investigate the crystallization kinetics, normalized
peak heights of the crystalline sensitive bands of PHB
at 1184 and 825 cm-1 calculated from the difference
spectra (Figure 5b) are plotted in Figure 7a as a function
of the crystallization time at 129 °C. It is interesting to
note that there is an obvious lag between the change
rates of these two bands. The 1184 cm-1 band shows
the faster rate of change than the 825 cm-1 band. That
is, the adjustment of C-O-C backbone is faster than
that of C-C backbone. Usually, it has been believed that

Figure 5. (a) Temporal changes of the IR spectrum in the
range of 1500-800 cm-1 during the melt-crystallization process
of PHB at 129 °C. The spectra were collected with a 20 min
interval. (b) Difference spectra obtained by the subtraction of
the initial spectrum from the spectra shown in (a).

Figure 6. Enlarged spectral changes in the range of 1000-
800 cm-1 during the melt-crystallization process of PHB at
129 °C.
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the structural changes of various functionalities within
a polymer occur cooperatively during the crystallization
process. However, in the case of melt-crystallization of
PHB, the different rates of the structural changes are
clearly demonstrated for the C-O-C and C-C back-
bones from Figure 7a. In our previous study on the cold
crystallization of poly(L-lactide) (PLLA),17 we also found
that there is a sequential change for the methyl and
ester groups. These observations indicate that, in some
cases, the structural adjustments of various function-
alities in a polymer chain are sequential and not
cooperative.

When IR data in difference spectra are used, Avrami’s
equation43 can be stated as follows:

where At is the peak intensity at the crystallization time
t, A∞ and A0 are respectively the initial and final peak
intensities during isothermal crystallization, k is the
crystallization rate constant dependent on the nucle-
ation and growth rates, t is the time of the crystalliza-
tion, and n is Avrami exponent, which is related to the
nature of nucleation and to the geometry of the growing
crystals.44 Equation 1 can also be expressed in the
following form:

Accordingly, the Avrami parameters n and k can be
obtained from the slope and the intercept, respectively,
by plotting the first term vs ln t. Figure 7b shows the
Avrami plots of the crystallization dynamics of PHB at
129 °C obtained by using the data in Figure 7a. It is
found that the linear relation of the Avrami plot is better
represented by the data of the 825 cm-1 band than that
of the Avrami plot by the data of the 1184 cm-1 band,
although the Avrami exponents (n ≈ 2.6 and 2.5,
respectively) calculated from the two bands are almost
the same. It should be noted that the use of Avrami
analysis may not be strictly appropriate as the deviation
from linearity is observed in Figure 7 Obviously, C-C
backbone mode at 825 cm-1 is better than that of the
C-O-C mode at 1184 cm-1 to reflect the crystallization
dynamic of PHB by using Avrami analysis. This result
also indicates that the crystallization dynamics of the
C-O-C backbone is different from that of the C-C
backbone of PHB. Evidence will be provided later about
the sequential changes instead of the strictly cooperative
and constant crystal growth rate.

3.4. 2D Correlation Analysis in Different Spec-
tral Regions. From the analysis above, it is found that
there is an intermediate state in the melt-crystallization
process of PHB at 129 °C, and the structural adjustment
of C-O-C and C-C backbones is not fully cooperative.
To confirm these conclusions and to get a more precise
picture on the molecular evolution during the melt-
crystallization process of PHB, we further investigate
2D correlation spectra of PHB between different spectral
regions.

Parts a and b of Figure 8 show the synchronous
Φ(ν1,ν2) and asynchronous Ψ(v1,ν2) 2D correlation spec-
tra obtained by correlating the 1300-1000 cm-1 region
with the 1000-800 cm-1 region of PHB, calculated from
the spectra obtained during the melt-crystallization
process at 129 °C, respectively. Unexpectedly, in the
1300-1000 cm-1 region, only the band at 1184 cm-1

generates an asynchronous cross-peak with bands in the
1000-800 cm-1 region. The presence of the asynchro-
nous cross-peaks reflects the difference in the mobility
between the C-O-C backbone and C-C backbones. In
the synchronous spectrum (Figure 8a), Φ(1184, 825) <
0, and in the corresponding asynchronous spectrum
Ψ(1184, 825) < 0, which verifies that the change of the
C-O-C band at 1184 cm-1 occurs prior to that in the
C-C band at 825 cm-1 in PHB.

We have indicated that the spectral changes in the
CdO stretching region are very interesting during the
melt-crystallization process of PHB. Therefore, more
information is expect to be obtained about the crystal-
lization process of PHB by correlating the CdO stretch-
ing band region with the 1300-1000 and 1000-
800 cm-1 regions of PHB. The synchronous and asyn-
chronous 2D correlation spectra correlating the CdO
band stretching region with the 1000-800 cm-1 region
of PHB are displayed in parts a and b of Figure 9,
respectively. From the observations that Φ(∼1743, 825)
< 0 and Φ (1722, 825) > 0 in the synchronous spectrum
(Figure 9a) and Ψ(∼1743, 825) < 0 and Ψ(1722, 825) <
0 in the corresponding asynchronous spectrum (Figure
9b), the sequential order of these bands is derived as
follows: ∼1743 cm-1 > 825 cm-1 > 1722 cm-1.

Similarly, parts a and d of Figure 9 illustrate the
synchronous and asynchronous 2D correlation spectra

Figure 7. (a) Normalized peak heights of the crystalline
sensitive bands at 1184 and 825 cm-1 of PHB as a function of
crystallization time at 129 °C. (b) Avrami plot of the crystal-
lization dynamics of PHB at 129 °C.

At - A∞

A0 - A∞
) exp(-ktn) (1)

ln[-ln(At - A∞

A0 - A∞
)] ) ln k + n ln t (2)
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correlating the CdO stretching region with the 1300-
1000 cm-1 region, respectively. Observations of
Φ(∼1722, 1184) < 0 in the synchronous spectrum
(Figure 9c) and Ψ(1722, 1184) < 0 in the corresponding
asynchronous spectrum (Figure 9d) indicate that the
change of the C-O-C band at 1184 cm-1 occurs prior

to that of the CdO band at 1722 cm-1. Moreover, no
asynchronous cross-peak is shared between the CdO
band at 1743 cm-1 and the bands in the C-O-C
stretching vibration region (Figure 9d), indicating that
there is a cooperative change between them.

In the above analysis, the band centered around
1743 cm-1 in the 2D IR spectra has been assigned to
the CdO stretching vibration band for the amorphous
state which, in fact, consists of the two amorphous
ν(CdO) bands at 1747 and 1739 cm-1, and the
1722 cm-1 band reflects the antiparallel alignment of
the 21 helix chain of PHB in a unit cell. Furthermore,
the 825 cm-1 band is ascribed to the 21 helix band of
PHB. Therefore, the physical origin of the sequential
order of these bands is that the melt-crystallization of
PHB is accompanied by a conformational rearrange-
ment of the various functionalities of PHB. The CdO
group and the C-O-C group rearrange their conforma-
tions cooperatively first; that is, the ester groups adjust
their conformation as a whole, which leads to the
conformation adjustment of C-C backbone for forming
the 21 helical chain geometries. At last, the 21 helix
chains pack into the crystal unit cell.

Figure 10a,b shows the synchronous and asynchro-
nous 2D correlation spectra correlating the CdO stretch-
ing band region with the CH stretching band region of
PHB. It is noted that there is a cross-peak between the

Figure 8. Synchronous (a) and asynchronous (b) 2D IR
correlation spectra correlating the 1300-1000 cm-1 region with
the 1000-800 cm-1 region of PHB, calculated from the spectra
obtained during the melt-crystallization process at 129 °C.

Figure 9. Synchronous (a, c) and asynchronous (b, d) 2D IR
correlation spectra correlating the 1800-1670 cm-1 region with
the 1000-800 and 1300-1000 cm-1 regions of PHB, respec-
tively, calculated from the spectra obtained during the melt-
crystallization process at 129 °C.

Figure 10. Synchronous (a) and asynchronous (b) 2D IR
correlation spectra correlating the 1800-1670 cm-1 region with
the 3020-2900 cm-1 region of PHB, respectively, calculated
from the spectra obtained during the melt-crystallization
process at 129 °C.
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3007 cm-1 band due to the asymmetric CH3 stretching
mode and the 1722 cm-1 band arising from the anti-
parallel alignment of the 21 helix chain of PHB in a unit
cell in the asynchronous spectrum (Figure 10b). The
presence of this asynchronous cross-peak suggests that
their changes are out of phase with each other. More-
over, the correlation intensities Φ(1722, 3007) > 0 and
Ψ(1722, 3007) < 0 indicate that the change of the
3007 cm-1 band occurs prior to that of the 1722 cm-1

band. This result suggests that, before the closed
packing of the 21 helix chains of PHB, the CH3‚‚‚OdC
hydrogen bond already appears.

4. Conclusion

The IR spectral changes and band assignments during
the melt crystallization of PHB have been investigated
in detail by conventional spectral analysis methods as
well as 2D correlation analysis. In the CdO stretching
band region, five bands (1747, 1739, 1731, 1722, and
1686 cm-1) have been clearly detected. Among these
bands, changes in the two amorphous bands at 1747 and
1739 cm-1 are cooperative, whereas the change in the
1731 cm-1 band, which had been assigned to the
intermediate phase by other researchers,38 and that in
the 1722 cm-1 band due to the crystal packing are out
of phase with each other. The existence of the 1731 cm-1

band is suggested by the second derivative and 2D
correlation analysis, but the direct evidence relating the
1731 cm-1 band to the intermediate state or intermedi-
ate phase is still lacking. Further studies by using other
techniques are probably needed to clarify the origin of
the 1731 cm-1 band. It has been commonly believed that
the structural changes of various functionalities within
a polymer occur cooperatively during the crystallization
process. However, at least in the melt-crystallization of
PHB, a different rate of changes is observed for the
C-O-C and C-C backbones according to the peak
height changes in the difference spectra and the pres-
ence of cross-peaks in the asynchronous 2D IR spectra.
Moreover, in our previous study on the cold crystalliza-
tion of PLLA,17 the sequential change for the methyl
and ester groups was also monitored. Our observations
indicate that not only the “cooperativity” but also the
“sequential change” is one of the important character-
istics for the structural adjustment of polymer chains
in the crystallization process of certain polymers. These
sequential changes in IR bands are interpreted as
follows: In the crystallization process of PHB, the ester
groups, as localized and flexible moieties, instantly
adjust their conformation. Longer regular 21 helix chain
sequences then develop through annealing. Finally,
these regular 21 helix sequences pack into the crystal
unit cell, which takes the longest annealing time.
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