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ABSTRACT: In the present study, we focused on the
intermolecular H-bonding interactions of poly[(R)-3-hydroxybu-
tyrate] (PHB) with an inorganic material, pseudoboehmite (PB),
and their effect on PHB crystallization. Noncrystallizable atactic
PHB and crystallizable isotactic PHB (a-PHB and i-PHB) ultrathin
films were spin-coated on a PB substrate, as well as an aluminum
oxide (AO) and a gold substrate for comparison. Infrared
reflection—absorption spectroscopy (IRRAS) data show an
absorption peak in the carbonyl region located at 1724 cm™" for
a 2.8 nm a-PHB film deposited on PB. A peak at this frequency,
often observed for thick bulk crystalline i-PHB films, was not
observed for a 1.4 nm a-PHB film deposited on a gold or AO
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substrate, indicating that the 1724 cm™' peak observed for a-PHB on PB is not due to a geometric confinement effect or
crystallization but due to the existence of intermolecular H-bonding (H-bond™*") between —C=0 of a-PHB and —OH from PB.
Supercooled, amorphous i-PHB was also found to exhibit the same H-bond™* with PB. It was found that a PB surface significantly
modified the crystal orientation and morphologies of the films. Grazing incident wide-angle X-ray diffraction (GIWAXD) data show
that the crystallites in i-PHB on PB are randomly oriented, whereas those on AO are predominantly edge-on oriented. Polarized
optical microscopy (POM) images show spherulites for i-PHB on AO, whereas no spherulites were observed for i-PHB on PB. This
study demonstrates a novel method of using PB to modulate the crystallization behavior of PHB thin films.

KEYWORDS: poly[(R)-3-hydroxybutyrate] (PHB), pseudoboehmite (PB), crystallization, morphology, IRRAS, ultrathin films,

confinement, H-bonding

B INTRODUCTION

Poly[ (R)-3-hydroxybutyrate], or PHB, is the most abundant
polyester in the family of polyhydroxyalkanoates (PHAs) that
are naturally made biodegradable aliphatic polyesters.”> PHB
serves as a carbon- and energy-storage material, produced in
vivo in microorganisms. It has recently drawn considerable
public attention because of its superior biodegradability and an
urgent need to replace petroleum-based nondegradable
polymers, such as polypropylene and polyethylene. The
thermodynamically stable crystalline phase of PHB is the o
phase, which has an orthorhombic unit cell with the space
group P2,2.2, (a =576 A, b=1320 A, and ¢ = 5.96 A).>* A
cooperative intramolecular hydrogen-bonding network (—C=
O--H—C) was found in the a crystalline structure.”® PHB in
bulk typically suffers from an excessively high crystallinity
because of a crystallization, which typically leads to high
stiffness and brittleness.

Recently, substantial attention has been given to the study of
PHB ultrathin films.”~"® It was found that the crystallization
behavior of PHB in ultrathin films deviates substantially from
the bulk. Factors including spatial confinement, crystallization
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temperature, substrate effect, and so forth could influence
various aspects of crystallization, including crystallinity, crystal
orientation, and morphology. In a sandwiched thin-film
system, where PHB is the middle layer, inhibition of
crystallization of PHB has been widely reported.” In these
cases, spatial confinement is believed to be the key factor
causing crystallization inhibition. In a one-free-surface film
system, different crystallization behaviors were also observed.
Khasanah et al. found that an intermediate crystalline state of
PHB exists for a PHB ultrathin film crystallizing on a gold
surface.” Sun et al. found that on a PVPh substrate, after
melting, PHB stays in the amorphous state when the film is
thinner than 175 nm,"® which is attributed to interdiffusion of
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PHB with the PVPh sublayer. In another study by Sun et al,"'
it was found that the thickness ratio of PHB and the PVPh
sublayer plays a critical role in inducing different crystal
morphologies for PHB.

Previously, we studied the surprising effect of an aluminum
oxide (AO) substrate on the crystallization behavior of PHB
and PHBHx.'* We found that crystallization for a 40 nm PHB
film was significantly retarded on the AO substrate. In the
current study, we explore the crystallization behavior of PHB
on the surface of pseudoboehmite (PB) or aluminum oxide
hydroxide. Recently, PB was found to be capable of forming H
bonds with ester-group-containing small organic molecules
such as glycol di-(monomethyl succinic acid) ester, dimethyl
adipate, and methyl oleate.">'® Such a H-bonding was shown
to have a formation enthalpy of 19.8 kJ/mol, which is
comparable to the crystallization enthalpy (12.5 kJ/mol) of i-
PHB.° H bonds formed between PHB, its copolymers, and
other materials including cellulose acetate butyrate,17 silica,'®
and poly(4-vinylphenol)'” have also been demonstrated to
significantly modify the crystallization behavior of polymers. In
addition, it is found that PHB copolymers such as PHBV can
form a H bond with the hydroxy groups in cellulose
nanocrystal citrates, resulting in improved tensile strength,
thermal stability, and water vapor barrier properties.”’

In the present study, we focused on PHB ultrathin films
deposited on a PB surface. To our knowledge, no study has
been conducted to investigate the interaction between PB with
polyesters such as PHB. We investigated the intermolecular
interaction between PHB and PB. Infrared reflection—
absorption spectroscopy (IRRAS) was used for the H-bonding
study with a particular focus on wavenumber shifts of the
carbonyl stretching mode. We first examine intermolecular H-
bonding interactions (or H-bond™) of noncrystallizable
atactic PHB (or a-PHB) with PB. An immersing study is
used to determine the absorption frequency in the carbonyl
region resulting from the H-bond™". AO and gold substrates
are used to eliminate the possibility of confinement effects
causing the frequency shift. We also examine the effect of PB
on melt crystallization of i-PHB using IRRAS, grazing incident
wide-angle X-ray diffraction (GIWAXD), and polarized optical
microscopy (POM).

B EXPERIMENTAL SECTION

Materials. Bacteria-synthesized isotactic PHB with a weight-
averaged molecular weight (M,,) of 540,000 g/mol was purchased
from Sigma-Aldrich Inc (St. Louis, MO, US). Synthetic atactic PHB
(M,, ~169,000 g/mol) was supplied by the Procter & Gamble
Company (Cincinnati, OH, USA). Chloroform was purchased from
Fisher Scientific, while aluminum substrates were obtained from DRL
Inc. Aluminum substrates were prepared by depositing aluminum
onto a glass slide using physical vapor deposition. After deposition,
aluminum was allowed to oxidize naturally at room temperature. The
resulting deposited aluminum layer was approximately 100 nm thick
with a S nm oxide layer as measured by transmission electron
microscopy reported previously.'* The surface roughness (RMS) was
determined to be 1.52 nm using a Dimension 3100 atomic force
microscope.

Preparation of Pseudoboehmite Substrates and PHB
Ultrathin Films. Preparation of PB substrates followed the method
reported by van den Brand ef al.”' A cleaned aluminum substrate was
treated by immersing it into boiling, deionized water at 100 °C for 1
min. The substrate was then rapidly taken out of the water, and the
residue was removed by flowing nitrogen across the surface. Then, the
substrate was purged under nitrogen for another 30 min before spin-
coating.
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For spin-coating, a solution of 0.5 wt % i-PHB in chloroform and
0.3 wt % a-PHB in chloroform was used. A total of 0.5 ml of solution
and 1300 rpm/s acceleration rate were used. A spin-coating time of 3
min at 4000 rpm was used. Such spin-coating parameters typically
resulted in an ultrathin film of approximately 40 nm in thickness, as
demonstrated in the X-ray reflectivity measurement in Figure S1 in
the Supporting Information. Spin-coated crystalline i-PHB films were
then melted at 180 °C for 1 min followed by fast cooling down to
room temperature before IRRAS measurements. After IRRAS
examination, the samples were allowed for 10 day crystallization at
room temperature before carrying out GIWAXD and POM studies.
All measurements were carried out at room temperature.

Characterization. Infrared Reflection—Absorption Spectrosco-
py. A Thermo Nicolet 670 Nexus FT-IR spectrometer with a DTGS
detector was used for IRRAS measurements. The IRRAS spectra were
measured using a specular reflectance accessory (PIKE Tech. 80Spec)
with a fixed incident angle of 80°. A blank AO substrate was used for
background spectrum collection for polymers coated on an AO
substrate. A PB substrate was used for background spectrum
collection for polymers coated on a PB substrate. For a-PHB samples,
all IR measurements were performed on the as-spin-coated films. Each
spectrum was obtained by averaging 32 scans with 2 cm™" resolution
from 600 to 4000 cm™'. The raw spectra were baseline-corrected
using Essential FTIR software. All measurements were carried out at
room temperature. IR peak decomposition (Gaussian fitting) was
performed in GRAMS AI software. Fitting conditions of each
spectrum will be discussed in subsequent sessions and fitting
parameters are also shown in Table S1 in the Supporting Information.

Grazing Angle X-ray Diffraction. A Xeuss 2.0 X-ray diffractometer
was used for the study of crystallinity and crystallite orientation in i-
PHB ultrathin films. The instrument was operated at a current of 0.6
mA and a voltage of S0 kV. Cu K-a radiation with an X-ray
wavelength of 0.154 nm was used. The X-ray beam was aligned at a
grazing angle of 0.2°, which is approximately 1.2 times the critical
angle at the wavelength of 0.154. This grazing angle ensures that the
X-ray beam penetrates the entire sample.

X-ray Photoelectron Spectroscopy. The X-ray photoelectron
spectroscopy (XPS) profiles were measured using a Thermo Scientific
K-A XPS instrument with an Al Ka X-ray source at an energy of
1486.6 eV and a base pressure below 5 X 107 Torr. A takeoff angle of
90° to the analyzer was used. A survey spectrum was collected with an
energy range of 0—1200 eV (The survey spectrum is shown in the
Supporting Information). The high-resolution spectra for C 1s, O 1s,
and Al 2p were collected with a pass energy of 20 eV. Peak fitting was
carried out using CasaXPS (version 2.3.16) software. All peak
positions and relative sensitivity factors were calibrated to the C 1s
peak at 285 eV.*

Polarized Optical Microscopy. In order to study the spherulitic
morphology of i-PHB films after crystallization, an Olympus BX60
microscope equipped with a Nikon DS-Fil digital camera head and
two cross polarizers was used. The image was recorded in the
reflection mode.

B RESULTS AND DISCUSSION

Figure la shows the XPS O 1s profiles for the aluminum
substrate surface before boiling water treatment. The dominant
peak is at 531.7 eV, indicating that the surface predominantly
comprised AO. The small peak located at 533.2 eV, resolved
by curve fitting, indicates the existence of a trace amount of
OH™". Figure 1b shows the O 1s profile after water treatment.
The binding energies of the peaks after water treatment are
consistent with those found for PB in the study by van den
Brand et al.”' Specifically, a strong peak at 531.9 eV indicates
that a substantial amount of a new type of OH ™" species was
successfully introduced on the surface. In addition, the O*~
peak was found shifting to 530.4 eV. This result indicates that a
PB surface was formed after water treatment.
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Figure 1. (a) XPS O 1s profiles of the AO surface before water
treatment. (b) O 1s profiles of the AO sample surface after water
treatment. Green and orange curves are for fitted peaks.

Intermolecular H-Bonding of a-PHB and PB. Initially,
we will explore the intermolecular interaction between a-PHB
and a PB surface. Because a-PHB is not able to crystallize, any
observed infrared peak shift in the carbonyl region at a fixed
temperature would, therefore, not be due to crystallization but
due to the chemical interaction of the a-PHB with PB or,
possibly, a confinement effect. Carbonyls restrained in a
geometrically confined environment can have reduced
mobility, possibly leading to a red shift of the IR peak.
Therefore, it is important to decouple the confinement effect
and other chemical effects. To eliminate the confinement
effect, an a-PHB ultrathin film with the same thickness was also
spin-coated on gold and AO substrates. Figure 2 shows the
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Figure 2. Carbonyl region of a-PHB ultrathin films on AO (black),
PB (red), and gold (blue).

carbonyl region of the IRRAS spectra for a spin-coated a-PHB
ultrathin film on AO, gold, and PB substrates measured at
room temperature (23 °C). The a-PHB films on both gold and
AO have a peak with its maximum located at 1749 cm™,
whereas a-PHB on PB has a peak at 1743 cm™, indicating that
a red shift only occurs for a-PHB/PB. If the red shift is induced
by a geometric confinement effect, we should have observed a
similar red shift for a-PHB on gold and AO. Thus, confinement
should not be the reason for the red shift for the PB substrate.
In addition, because a-PHB is not able to crystallize, the red
shift should not be induced by crystallization but more likely
associated with a chemical interaction between a-PHB and PB.
Here, we hypothesize that the observed red shift for a-PHB on
PB could arise from an intermolecular H-bonding interaction
or, H-bond™*", formed between the —C=0 of a-PHB and the
surface —OH of PB.
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To further understand the H-bond™*, it is important to
obtain IRRAS spectra of the thin (several nanometers) layer in
the interfacial region between the polymer and substrate. To
achieve this goal, an immersion experiment was designed,
wherein the as-cast film (40 nm in thickness) was immersed in
a chloroform bath to let the solvent remove polymer from top
layers. Because of the amorphous nature of a-PHB, it was
assumed that once the solvent evaporates and enough
relaxation time was given, structures of the as-spin-coated
samples and chloroform-treated ones remain the same. The
immersion experiment was carried out as a function of time
and the sample was taken out at the time period of interest,
dried completely, and equilibrated at room temperature at least
for 6 h prior to the IRRAS measurement. Figure 3 shows the
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Figure 3. Carbonyl region of a-PHB on PB with immersion times of
0, 10, 20, and 70 min and the corresponding second derivatives for
each spectrum.

spectral changes in the carbonyl region at the immersion time
of 10, 20, and 70 min. It was found that the carbonyl peak
shifted from 1743 cm™" at 0 min down to 1730 cm™ at 70
min. The film thickness after each immersion step can be
estimated based on the Beer—Lambert law, as shown in Table
S2 in the Supporting Information. After 70 min, only an
ultrathin layer of approximately 2.8 nm was left on the
substrate. Therefore, from a thickness of 40 nm for the as-spin-
coated film to a 2.8 nm film, the carbonyl peak shifts from
1743 to 1730 cm™, a 13 cm™' wavenumber shift. One may
argue that such a prominent red shift could be due to a
confinement effect induced by a decrease in the film thickness
from 40 to 2.8 nm. To eliminate the possibility of confinement,
IRRAS measurements were also carried out on a 1.4 nm a-PHB
on an AO substrate, as shown in Figure S2 in the Supporting
Information. The result shows that only a 2 cm™" red shift was
observed for a-PHB on an AO substrate as the film thickness
decreased from 40 to 1.4 nm. Therefore, the red shift observed
in the current study for a-PHB on PB is not due to a
confinement effect. Instead, the red shift is due to the H-
bond™*" predominately located in the interfacial region. As the
film becomes thinner, the carbonyl band is composed more of
the contribution from the H-bond™*" component, leading to
the overall carbonyl band red shift.

The 2.8 nm film of a-PHB on PB was then used to carry out
peak decomposition to help extract the approximate
absorption frequency of the H-bond™¢. Specifically, a
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Figure 4. Peak decomposition for the carbonyl region of a-PHB ultrathin films on PB for immersion times of 70 (a), 20 (b), and 10 min (c). The

corresponding film thickness is included in the left top in each plot.

Gaussian function was used to model the elemental peaks. At
least two peaks are expected, including the undetermined H-
bond™" peak and other peaks from amorphous carbonyls. The
peak center for the amorphous peaks is not fixed. This is
because the absorption frequency of amorphous carbonyls in
PHB systems is highly sensitive to the local environment,
manifested by slightly different frequencies identified in
different PHB systems.”””* In addition, the H-bond™®" may
also shift the amorphous peak position. As a result, we found
that a two-peak fitting gives the best convergence and the
fitting result is shown in Figure 4a. The absorption frequency
for the new H-bond™* formed between carbonyl from a-PHB
and hydroxy from PB is determined to be approximately 1722
cm™". The broadening of 1722 cm™ could result from the
existence of a bonding energy distribution of the H bond
between the oxygen from —C=0 and hydrogen from Al-O—
H. The 1736 cm™" is from the unbonded carbonyls in a more
disordered state. It is noted that the 1736 cm™' frequency is
lower than the typical “free” amorphous carbonyls of PHB in
the bulk, which appear near 1740 cm™.>>*° This 1736 cm™!
peak indicates that those unbonded carbonyls are located in a
somewhat constrained environment. PHB has been also found
to form H-bond™*" with other components, and a variety of
peak frequencies for the H-bond™" have been reported. A H-
bond™*" at 1738 cm™" in the carbonyl region was found to be
formed between —C=0 of PHB and —OH of cellulose acetate
butyrate.'”*>*” PHB was also found to H-bond with catechin,
having a H-bond™* at 1718.5 cm™".** In the blend of PHB/
PVPh, the H-bond™" formed between —C=0 of PHB and
—OH of PVPh was at 1713 cm™.'*’

With the approximate peak position of the H-bond™*
established, peak decompositions were then carried out for
samples with immersion times of 20 and 10 min with the H-
bond™*" frequency fixed, as shown in Figure 4b,c. During
fitting, for the 20 min (5.5 nm) sample, the peak center for H-
bond™*" is fixed at 1722 cm™' and for the 10 min (8.9 nm)
sample, that for H-bond™" is fixed at 1724 cm™'. This is
because 1724 cm™" provides a better fitting convergence and
the difference between 1722 and 1724 cm™ is too small, given
the spectral resolution of 2 cm™". Fitting results show that the
amorphous peak becomes more intense and shifts to a higher
frequency, indicating that there is an increase in the fraction of
carbonyls in a less restricted local environment with thicker
films.

Intermolecular H-Bonding of i-PHB with PB. We now
examine the intermolecular interaction of crystallizable i-PHB
with PB. We will examine interactions of i-PHB with PB before
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and after crystallization. In contrast to a-PHB, films made of i-
PHB will crystallize during spin-coating because of their
stereoregularity. Crystallization can occur during solvent
evaporation during the spin-coating process. To remove the
solvent effect on crystallization, after spin-coating, the sample
was melted at 180 °C for 1 min and then allowed to contact a
S °C copper block for 2 min to cool down. This was then
followed by immediately recording the IRRAS spectrum at
room temperature. Figure 5 shows the spectra taken right after
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Figure S. Carbonyl region for i-PHB ultrathin films on AO, PB, and
gold measured at room temperature 2 min after melting. The spectra
were scaled for visual comparison of peak shift. Raw spectra were
shown in Figure S3 in the Supporting Information.

cooling for i-PHB on AO, PB, and gold. Because of the short
time and rapid quench, i-PHB has not yet crystallized on the
substrates. The peaks are very similar to that for a-PHB, as
shown in Figure 2. That is, a red shift is observed only for i-
PHB on PB in contrast to i-PHB on AO and gold, thus
indicating the presence of the H-bond™" from i-PHB and PB.
Peak decompositions for the AO and PB cases in Figure S are
shown in Figure 6. For the fitting of i-PHB on AO, no peaks
are fixed and two peaks at 1752 and 1741 cm™' can be
resolved, indicating the presence of carbonyls in two different
amorphous states. The 1741 cm™' band has been widely
assigned as the typical “free” carbonyl in the bulk.””> The 1752
cm™' peak implies carbonyls in an even more “free” local
environment, which is likely from those in the free surface side,
whereas the 1741 cm™' species is from regions beneath the free
surface. Carbonyls with high frequencies beyond 1750 cm™
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(b) Peak decomposition for the supercooled i-PHB film on PB.

were also reported in other studies.”>*° For i-PHB on PB, the
fitting was performed by fixing the peak center of H-bond™* at
1724 cm™' because of the existence of the H-bonding
interaction. As a result, fitting gives additional two amorphous
elements at 1748 and 1740 cm™. Actually, this fitting gives a
nearly zero residue, as shown in Table S2 in the Supporting
Information, further confirming the existence of H-bond™*
located at 1724 cm™' between i-PHB and PB.

Effects of PB on the Crystallization Behavior of i-PHB.
The supercooled i-PHB films initially in the amorphous state
eventually crystallize on both AO and PB substrates. After a 10
day period of crystallization at room temperature, IRRAS
spectra, as shown in Figure 7, were taken on i-PHB on AO and

——iPHB on AO after 10 days
——iPHB on PB after 10 days

Absorbance

Second derivative

1749
1 1
1750 1725

Wavenumber (cm™)

1726

1775 1700

Figure 7. Carbonyl region for i-PHB ultrathin films on AO and PB
substrates after a 10 day crystallization period at 23 °C and the
corresponding second derivatives.

PB. Compared with spectra for i-PHB before crystallization in
Figure 5, both samples have a peak at 1726 cm™", which could
be due to a crystallization of i-PHB. After crystallization, the
carbonyl regions for the two samples do not appear to be
significantly different. Peak fittings for the spectra in Figure 7
were attempted. However, it was found that at least four
elemental peaks were needed for the fit, and good convergence
is not achieved. Other techniques may be needed to determine
the buried elemental peaks.

To further confirm the development of @ crystals, GIWAXD
measurements were carried out for i-PHB on gold, AO, and
PB. As shown in Figure 8a, for i-PHB on gold, (020)
diffraction peaks can be identified in both out-of-plane and in-
plane directions. The out-of-plane diffraction peak shows a
stronger intensity indicating more crystals are in the edge-on
orientation. In addition, two (020) peaks denoted by (020)y
corresponding to smaller d-spacing and (020); corresponding
to larger d-spacing can be identified. The (020) peak most
likely arises from more perfect crystals developed at high
temperatures during cooling. Different (020) peaks for PHB
thin films have also been observed in other studies.”’ This
result implies that i-PHB tends to crystallize faster on the gold
surface. For i-PHB on AO (Figure 8b), the diffraction peak
intensity is still relatively strong but only diffraction from edge-
on-oriented crystals can be observed. For i-PHB on PB (Figure
8¢), the diffraction peak intensity is extremely weak with only a
dim (020) diffraction ring observed. Such a low intensity with
peak broadening indicates that for i-PHB on PB, crystals are
less perfect and the crystallinity of the film is low. The ring-
shaped pattern indicates that the crystals are randomly
oriented.

Film morphologies after crystallization were examined using
POM, as shown in Figure 9. Two-dimensional spherulites can
be clearly seen for the stereoregular i-PHB crystallized on gold
and AO, whereas no spherulitic structure can be seen for i-

t
(020) ring

i,

Figure 8. (a) GIWAXD profiles for i-PHB after a 10 day crystallization period at 23 °C on gold (a), AO (b), and PB (c), respectively. In graph c,
two arrows were added to help identify the weak (020) diffraction ring. The broad peak at a high angle is from scattering from glass substrates.
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Figure 9. POM images of crystalline ultrathin films of i-PHB on Au (a), AO (b), and PB (c) substrates.

PHB crystallized on PB. However, given the occurrence of a
weak (020) diffraction peak shown in GIWAXD data, some
small crystallites developed in i-PHB ultrathin films on PB
must still exist. Therefore, based on GIWAXD and POM
results, a schematic is shown in Figure 10 to illustrate different

a. iPHB on AO after crystallization

b. iPHB on PB after crystallization

spherulite crystallite

Figure 10. Representative schematics to illustrate hierarchical
crystalline regions in i-PHB ultrathin films after crystallization on
AO (a) and PB (b) substrates. The black dots in (a) represent
nucleating spots. The red lines in (b) represent random coil chains
and blue regions represent crystallites.

hierarchical crystal structures in the final as-crystallized films.
For i-PHB on AO (Figure 10a), chains crystallize to form two-
dimensional spherulites. During crystallization, chains have
sufficient mobility to fold back and forth to form lamellar
crystals and further assemble to form the hierarchical structure
of spherulites. Crystals adopting the edge-on orientation
facilitate the reduction of overall surface energy. In contrast,
for i-PHB on PB (Figure 10b), because of the H-bonding
interaction between PHB and PB, chain segmental mobility in
the interfacial region is decreased and chains are prevented
from freely forming chain-folded lamellae to further organize
into spherulites. However, chain segments distant from the H-
bonding region are less affected by the H-bonded interaction,
enabling some crystallites to be formed near the free surface to
give a fringed-micelle texture.

Although the IRRAS data shown in Figure 7 do not show
much difference for crystalline i-PHB on AO and PB,
GIWAXD and POM data do indicate that PB has a significant
influence on i-PHB crystallization. Therefore, it is most likely
that the IRRAS spectra shown in Figure 7 bear apparent
similarity, whereas the elemental peak components could be
very different. This possibility may be true especially
considering the new H-bond™® between PHB and PB and
the H-bond™™ in the crystal of PHB exhibit a close absorption
frequency. The carbonyl frequency due to H-bond™® is
reported to occur at 1722 cm™', which is very close to the
frequency of the new H-bond™*" found in the current study.

In addition, the relative stability of the H-bond™* can be
qualitatively evaluated by comparing its formation enthalpy
with the enthalpy of crystallization for stereoregular i-PHB o
crystals. The H-bonding enthalpy AH"? for polyesters (Lewis
base) associated with a Lewis acid can be estimated using the
relationship AH*? = —k**A1*®, where K*® = 0.99 kJ/mol and
Au™ is the wavenumber shift of the carbonyl stretching mode
from its amorphous state.””** For the H-bond™*" discussed in
the current study, if the frequency of amorphous carbonyl for i-
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PHB is taken as 1740 cm™, then the H-bonding enthalpy is
estimated to be 15.8 kJ/mol. This is higher than the «
crystallization enthalpy of i-PHB, which is 12.5 kJ/mol as
reported by Sato et al’ Bonding energy higher than the
crystallization enthalpy is expected to alter nucleation
mechanisms, slow down crystallization kinetics, and decrease
crystallinity. Another possible factor that may influence the H-
bond strength is the tacticity of the polymer. For example, in
the PHB/PVPh study with related homo- and copolymers, it
was also found that the intermolecular H-bonding enthalpy
dropped from 23 to 21 kJ/mol in a-PHB and PHB,
respectively.”” However, in the present study, both a-PHB
and i-PHB on PB show a similar magnitude in shift of the
carbonyl stretching frequencies, suggesting that the tacticity
itself may not influence the strength of the H bond much. This
result is potentially due to the fact that PHB has a flexible
chain and the H-bonding interaction between —C=O and
—OH from PB is enough to obviate the tacticity effect.

B CONCLUSIONS

In the present study, we have spun-coated a-PHB and i-PHB
ultrathin films on PB flat surfaces and studied the interactions
between PHB and PB. AO and gold substrates were used to
eliminate the possibility of a confinement effect on
crystallization. It was found that a-PHB can form H-bond™*
with PB, as indicated by a new carbonyl peak located at
approximately 1724 cm™’, suggesting a relatively strong H-
bonded interaction. It was found that stereoregular i-PHB in
the amorphous state was able to form similar H bonds with PB.
Although i-PHB on PB eventually crystallizes, the preferred
orientation of the crystals and the crystal morphologies are
very different from those of i-PHB on AO. On an AO surface
without H-bonded interactions, i-PHB crystals adopt an edge-
on orientation and spherulites develop. On a PB surface with
H-bonding interaction, small crystallites with random
orientations are randomly distributed in the film near the
free surface. The significant difference in crystallization
behavior is related to the intermolecular H bond between
PHB and PB. This study demonstrates a novel method of using
PB to modulate the crystallization behavior of PHB thin films.
The current findings could help design PHB/PB-based
composite materials.
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