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ABSTRACT: We investigate surface morphology and crystalline structure of biodegradable polymers poly(3-
hydroxybutyrate) (PHB) and its random copolymer poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (P(HB-co-
HHx), HHx ) 12 mol %) using surface-sensitive techniques. Surface region typically to a depth of about 10 nm
of polymer films which have thickness ranging from 20 to 120 nm is observed by grazing incidence X-ray
diffraction (GIXD), X-ray reflectivity (XR), and atomic force microscopy (AFM). Both PHB and P(HB-co-
HHx) show that crystallographicb-axis of crystallites in the surface region is aligned in the direction normal to
the surface. It indicates that intermolecular interaction alonga-axis is still dominant in the surface region, which
would also determine the fastest growth direction of crystalline lamellae. A lattice relaxation peculiar to P(HB-
co-HHx) surfaces is recognized in theb-axis length. As temperature is raised, crystalline lamellae characterized
by densely packed molecular chains appear, implying a thermally activated transformation from metastable lamellae
to stable ones. The metastable lamellae in which molecular chains fold loosely are mainly observed throughout
rapid cooling, although the loosely and densely packed lamellae equally form in slow cooling. Furthermore,
continuous lamellae melting at the surface is observed, all of which suggest an additional process for forming the
metastable long-range order in the surface region. Crystallinity at polymer surface would also be responsible for
the difference in surface morphology between PHB and P(HB-co-HHx) revealed by XR and AFM.

Introduction
Poly(hydroxyalkanoate)s (PHAs) including poly(3-hydroxy-

butyrate) (PHB) homopolymer and related copolymers are
biologically produced, semicrystalline biodegradable polymers
which have attracted considerable attention as potential substi-
tutes for petrochemical plastics.1-5 PHB crystals (a ) 0.576
nm, b ) 1.32 nm, andc (fiber axis)) 0.596 nm, space group
P212121) are typically distributed as lamellar crystallites in an
amorphous matrix.6,7 Melt temperature (ca.172°C), which
happens to be close to thermal decomposition temperature (ca.
200 °C), and a relatively high degree of crystallinity (it
sometimes exceeds 50%) are major obstacles to its practical
applications. Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
(P(HB-co-HHx)) is a random copolymer comprised of 3-hy-
droxybutyrate and a minor amount of 3-hydroxyhexanoate units
with side groups substituted with a longer propyl chain.8-10 Melt
temperature and crystallinity are substantially reduced by this
substitution, and flexibility is significantly improved compared
with that of PHB homopolymer. Furthermore, P(HB-co-HHx)
exhibits some other attractive properties, e.g., anaerobic and
aerobic biodegradability, hot alkaline digestibility, hydrolytic
stability, good odor and oxygen barrier capability, and excellent
surface properties for printing.11

In previous studies, structure and thermal behavior of PHB
and P(HB-co-HHx) crystals in bulk samples were investigated

by a combination of wide-angle X-ray diffraction (WAXD) and
Fourier transform infrared (FT-IR) spectroscopy.12-15 Temper-
ature dependence of diffracted X-ray patterns and IR spectra
indicated that there is a unique inter- and intramolecular
interaction along crystallographica-axis direction, which can
be referred to as a weak hydrogen bonding of C-H‚‚‚OdC
type. The presence of such molecular interaction in bulk
polymers can, to a certain extent, explain the difference in
melting behaviors between PHB and P(HB-co-HHx).

An intensive X-ray diffraction and AFM study on crystalline
structure and surface morphology of PHB homopolymer thin
films at room temperature was recently reported, in which
thickness of PHB films ranged from tens of nanometers to
micrometers.16 Nevertheless, little has been known about the
molecular structure of lamellae in surface region and surface
morphology near the melting point of P(HB-co-HHx) as well
as those of the homopolymer. Research on the surface structure
and morphology of polymeric compounds close to their melting
point would certainly be crucial to understand the nature of
melting of crystalline lamella, crystallization, and transformation
to the glassy state. For non-polymeric substances, the onset of
melting is believed to occur at the surface where a quasi-liquid
layer is formed at a temperature substantially below the bulk
melting point.17 As for the crystallization in non-polymeric
glassy substances, it often occurs from the surface region where
a higher molecular mobility peculiar to the surface can promote
the crystal growth.18 Information on surface melting and
crystallization in polymers would also be important for practical
applications, since physical properties of films, coating, and
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fibers are greatly influenced by structure and morphology in
their surface region.

In the present study we focus on the morphology and
crystalline structure of P(HB-co-HHx) and PHB thin films
ranging from 20 to 120 nm thick. Thermal behavior is
investigated by two surface-sensitive X-ray scattering tech-
niques: X-ray reflectivity (XR) and grazing incidence X-ray
diffraction (GIXD). From XR and additional ex-situ AFM
measurements, surface morphology of spin-coated PHB films
is found to be substantially different from that of P(HB-co-
HHx) for films with thickness greater than a critical vale. From
GIXD, we find that the crystallographicb-axis of crystallites
in an outermost surface region is highly aligned along the
direction normal to the surface. Moreover, upon a heating and
cooling, theb-axis in the surface region exhibits a noticeable
thermal behavior. It indicates a novel molecular folding process
which would be crucial for understanding physical properties
of semicrystalline polymer surfaces.

Experimental Section

Bacterially produced PHB and P(HB-co-HHx) (HHx ) 12 mol
%, bulk melting temperatureTm ∼ 122 °C) were obtained from

the Procter & Gamble Co. They were purified by dissolving in hot
chloroform, reprecipitated in methanol, and vacuum-dried at 60°C.
After dissolved in hot chloroform, PHB and P(HB-co-HHx)
solutions were spun-cast onto silicon (100) wafers with a speed of
4000-4500 rpm. Spin-coated layers having 20 nm thickness and
120 nm thickness were prepared on the substrates from the solution
with concentration of 6 mg/cm3 and that of 12 mg/cm3, respectively.
Detailed information on film preparation is listed in Table 1. GIXD
and XR measurements were carried out within 5 days after the
coating.

As the index of refraction in X-ray regime is slightly smaller
than unity, total external reflection occurs when the incident angle
of X-ray impinging on a sample surface is smaller than a critical
angle of total reflectionθc. Since the penetration depth of X-ray
drastically changes from several nanometers to several micrometers
over the critical angle, surface-sensitive Bragg reflection profiles
can be obtained under a precise control of the incident angle of
X-ray beam. Detector scans were used to collect GIXD data with
fixed grazing incident angle. More specifically, GIXD measure-
ments in this study were performed with an out-of-plane config-
uration and an in-plane configuration to detect the crystalline
structure of parallel and perpendicular to the substrate, respectively
(Figure 1). On the other hand, longitudinal scans were exploited
for measuring the XR which is capable of evaluating film thickness,
electron density, and root-mean-squares of surface and interface
roughness.19 Measurements of GIXD and XR at room temperature
were conducted by a high-resolution four-circle diffractometer and
rotating-anode X-ray generator (SLX-2000&UltraX, Rigaku Co.,
Ltd., X-ray wavelength) 0.154 05 nm,θc ) 0.162°). In order to
obtain information about the crystalline structure in an outermost
surface region during heating and cooling processes, synchrotron
radiation (X-ray wavelength) 0.08 nm, θc ) 0.084°) and a
multiaxis diffractometer equipped at BL13XU of SPring-8 were
employed.20,21Sample temperature, ranging from room temperature
to the temperature close to the melting point of P(HB-co-HHx)
was controlled by combination of a homemade heater and a PID
temperature controller with the stability better than 0.3°C. During
the experiments, samples were kept under a helium gas atmosphere
to prevent from the surface oxidation. Surface morphology was
also observed by AFM at room temperature (Nanopics2100, SII
Nano Technology Inc.).

Results and Discussion

I. Crystal Orientation. Figures 2a,b show GIXD profiles of
a 75 nm thick P(HB-co-HHx) film, whereas Figure 2c is a
WAXD profile obtained from a bulk sample under normal
setting conditions (θ-2θ setting). In the GIXD, the angle of
incidence is set to be 3.8θc, where the incident X-ray fully
penetrates the polymer film so as to show preferred orientation
in the whole film. Magnitude of momentum transferq is defined
as 4π sin θ/λ, using wavelengthλ and half of the scattering
angle θ. The out-of-plane GIXD profile (Figure 2a) is quite
different from the in-plane GIXD profile (Figure 2b), although
the latter (Figure 2b) is somewhat similar to the WAXD profile
of the bulk sample (Figure 2c). In the out-of-plane geometry
only the (020) Bragg reflection is observed atq ) 9.5 nm-1,
indicating that theb-axis of crystallites in the thin layer is almost
aligned in direction normal to the film surface. On the other
hand, crystallites are much more isotropic in the lateral direction,
since other Bragg reflections are also observed in the in-plane
GIXD profile. Such a preferred orientation in thin films would
reflect a difference in surface energy among crystallographic
planes. Surface energy of the (010) plane is likely to be lower
than that of (001) and (100) planes; the speed of crystal growth
along theb-axis direction is thus expected to be the lowest.
Such a result on preferred orientation of lamellae in the surface
region is fully consistent with the studies of bulk structures,
from which the anisotropic feature of molecular interaction was

Figure 1. Schematic of out-of-plane (a) and in-plane (b) GIXD
configurations.

Figure 2. (a) Out-of-plane and (b) in-plane GIXD profiles of a 75 nm
thick P(HB-co-HHx) film. (c) A WAXD profile of bulk P(HB-co-HHx)
sample. Cu KR1 radiation (λ ) 0.154 05 nm) is used for (a) and (c),
whereas X-ray with wavelength of 0.080 nm is used for (b). Incident
angles of X-ray beam are 0.61° ()3.8θc) in (a) and 0.32° ()3.8θc) in
(b). The vertical dotted line indicate the peak position of (020) Bragg
reflection.
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clearly elucidated:12-14 From the distance between adjacent
molecules in crystalline lamellae, intermolecular interaction
along theb-axis should be a weak van der Waals interaction.
On the other hand, the (001) surface would be less favorable
because thec-axis is the so-called fiber axis.6,7 As for thea-axis
direction, a unique hydrogen bonding of C-H‚‚‚OdC type
connecting the CH3 group in one helix and the CdO group in
another helix along thea-axis has been proposed.12-14 If such
a hydrogen bond network still dominates at the surface, forming
the (100) surface would be energetically less favorable, and
consequently thea-axis direction would be the fastest lamella-
growth direction. The result of the present study may thus
provide another supporting evidence for the hydrogen bonding
proposed in refs 12-14. As for the PHB thin films, the same
preferred (010) orientation was also confirmed by the present
GIXD measurements, which completely agrees with the results
reported in ref 16. From the width of Bragg reflections in
Figures 2b,c we estimate the average dimensions of crystallite
in the film and that in bulk to be around 12 and 19 nm,
respectively.

II. Temperature Dependence.In order to explore thermal
behavior of P(HB-co-HHx) molecules in the surface region,
high-resolution measurements of the (020) Bragg reflection were
performed under GIXD conditions. Figure 3 depicts a temper-
ature-dependent variation in diffraction profiles around (020)
Bragg reflection over a temperature range from 30 to 116°C.
The profile collected at 30°C after a rapid cooling from 116
°C (cooling rate) 1 °C/min) is also shown at the top of Figure
3. Thickness and root-mean-square surface roughness of the film
evaluated by XR at room temperature are 82.8 and 6.3 nm,
respectively. Since the angle of incidence is chosen to be 0.95θc,
the penetration depth of incident X-ray should be about 30 nm,
which is smaller than the layer thickness. GIXD profiles in

Figure 3 thus reflect the crystal structure only in the outermost-
surface region. The high-resolution measurements reveal some
marked aspects on theb-axis length of lamellar crystallites in
the surface region. The most striking points seen in Figure 3
are the two resolved reflections at the position where (020)
Bragg reflection is observed and their temperature evolutions.
Since the WAXD pattern in Figure 2c agrees with the GIXD
pattern in Figure 2b, indicating that the space group and crystal
structure of lamellae distributed in thin films would be identical
to those in the bulk polymer, and there is no valid Brag reflection
except for (020) in this angular region, it is very likely that the
two resolved reflections are (020) reflections diffracted by two
orthorhombic crystalline lattices having slightly differentb-axis
lengths. Bragg reflections except for (020) reflection should
appear in the regionq > 11 nm-1, since thea-axis length and
c-axis length are almost half of theb-axis length. The (020)
reflection atq ) 9.3 nm-1 (we shall call it (020)L) almost
disappears at 46°C. On the other hand, the (020)H reflection
seen atq ) 9.9 nm-1 becomes a well-defined peak above 46
°C, although it looked like a shoulder of (020)L at 30°C. The
(020)H reflection is still observed at 116°C, which is slightly
below the bulk melting point. After a rapid cooling, the (020)H

reflection seems to remain, whereas the intensity of (020)L

reflection drastically increases as indicated by the top profile
in Figure 3.

We also confirmed the (020)L and (020)H reflections and
studied their thermal behavior under the incident angle of 1.07θc

()0.090°). Here, ratio of the initial (020)L intensity to the
intensity of (020)L after the rapid cooling is quite different. The
ratio is about 1:1.5 for the data with the incident angle of 0.95θc.
On the other hand, it is about 1:0.3 in the case of the incident
angle of 1.07θc, as is seen in the inset of Figure 3. From the
well-resolved (020)H and (020)L reflections, it is unlikely that
the two orthorhombic lattices with differentb-axis lengths
coexist in each crystallite. If such slightly larger lattices and
slightly smaller lattices were randomly distributed in a single
crystallite, (020) reflection would not split up into two resolved
peaks, but the width of (020) reflection would simply increase.
Therefore, we can conclude that there are at least two kinds of
crystallites of some dimensions: one has a shorterb-axis (bShort),
and other has a longerb-axis (bLong). From the peak position of
(020)L, bLong was estimated as 1.35 nm, andbShortwas estimated
as 1.27 nm from the position of (020)H peak. Since PHB is
known to form lamellar crystals,9,14 the present result indicates
that there are loosely packed lamellae in which molecules are
folded rather loosely and densely packed lamellae where the
molecules are densely packed in them; loosely packed lamellae
and densely packed lamellae are characterized bybLong andbShort,
respectively. Since theb-axis length of bulk PHB often shows
some irreproducibility after heating and subsequent cooling
processes, inter- and intramolecular interactions alongb-axis
are considered to be extremely weak, and theb-axis length is
expected to be easily affected by the situation around the
crystallite.14 Thus, a careful examination ofbLong and bShort

would give us important information on circumstances during
the lamellae growth, e.g., molecular chain folding in the surface
region. In order to see the volume fraction of loosely packed
lamellae and densely packed lamellae quantitatively, we fitted

Table 1. Concentration (mg/cm3) and Rotation Speed (rpm) for Preparing the Thin Layers and Thickness (nm) Obtained

PHB P(HB-co-HHx) (HHx ) 12 mol %)

concentration (mg/cm3) 6 12 6 12 12
rotation speed (rpm) 4500 4000 4500 4500 4000
thickness (nm) 30 unknown 35 75-82 111

Figure 3. Temperature dependence of (020) Bragg reflection of P(HB-
co-HHx) under out-of-plane GIXD condition measured at an incident
angle of 0.08° ()0.95θc). Each data is shifted vertically for clarity.
The measurement was done with increasing the sample temperature.
The profile of 30°C shown at the top is the one quenched from 116 to
30 °C. The vertical dotted lines indicate the peak positions of two (020)
reflections. The inset shows the GIXD at an incident angle) 0.09°
()1.07θc), which indicates volume fraction of crystalline lamellae in
bulk region; it shows a sharp contrast with the data obtained by the
grazing angle of 0.08° ()0.95θc), which reflects the crystallinity in
the very shallow surface region.
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the intensity distribution around the two (020) reflections,I(q),
as a sum of two Gaussian functions:

wherea, b, c, Ai, Ri, andqi (i ) L, H) are the fitting parameters.
The quadratic function portionaq2 + bq + c in (1) sufficiently
reproduced the background scattering. Figure 4a shows profiles
of the two (020) reflections and the result of fittings. The
temperature dependences ofAL and that ofAH, proportional to
the intensity of (020)L and that of (020)H, are shown in Figure
4b where they are normalized asAL + AH ) 1 at room
temperature. It quantitatively delineates temperature evolutions
of (020)L and (020)H. Although values ofAL andAH drastically
change between 30 and 50°C, the decrease inAL almost
corresponds to the increase inAH. This result strongly suggests
that a transformation from loosely packed lamellae to densely
packed lamellae occurs in this temperature range. Since loosely
packed lamellae easily transform to densely packed lamellae
by changing their packing ratio in lamellae, it is quite likely
that loosely packed lamellae are in a metastable state, in which
they might contain more structural disorder in molecular chain
folding. Loosely packed lamellae would have a strong tendency

to transform to more stable state with high-density, i.e., densely
packed lamellae, when they get sufficient thermal energy to get
over a potential barrier between the metastable state and the
stable state in their energy landscape. The transformation should
occur stochastically at any temperature if it is above the glass
transition temperature (ca. 0°C). However, even at room
temperature, it should take a longer period of time. It would be
better to remind the fact that 2 or 3 days are insufficient for
completing the crystallization in bulk PHB at room temperature.
On the other hand, the densely packed lamellae are still stable
even at around 60°C, but they eventually decrease their volume
over 80 °C. According to Figure 4c, the sum of (020)L and
(020)H intensities () AL + AH) steadily decreases above 30°C.
This means that the melting process of crystallites in the surface
region continuously proceeds, although crystallites in the bulk
region seem to sustain its structure up to 60°C for P(HB-co-
HHx) and up to 140°C for PHB. Such a continuous fashion of
lamellae melting would be due to the melting of small
crystallites distributed in the surface region, although there is
some possibility that it can be due to the surface melting
phenomenon inherent in quasi-2D systems reported in many
nonpolymeric crystals.22

Since loosely packed lamellae in the surface region are easily
formed even under the quenching from high temperature, loosely
packed lamellae are likely to be produced by an additional
process which strongly promotes the crystalline long-range order
in the surface region. Our speculation that major location of
loosely packed lamellae is in the surface region is verified if
we carefully look at the diffraction profiles in Figure 3 and the
inset. With the very shallow incident angle (0.95θc), the (020)L
is greatly enhanced by the quenching, whereas it did not show
such an enhancement when we measured the same reflection
with the larger incident angle (1.07θc: inset). Since the
diffraction profile with the incident angle of 1.07θc fully
represents the crystallinity in bulk region, the inset would
manifest that loosely packed lamellae hardly form in the bulk
region under the rapid cooling condition.

Figure 5 shows development of (020) reflections of P(HB-
co-HHx) under a slow cooling condition measured by SLX-
2000&UltraX where a low-resolution measurement mode was

Figure 4. (a) An example of (020) Bragg reflection profile of P(HB-
co-HHx), measured at room temperature with an incident angle of 0.08°
()0.95θc). (b) FittedAL (open circles) andAH (closed squares) of P(HB-
co-HHx) vs temperature. (c) Normalized intensities of (020) Bragg
reflection of P(HB-co-HHx) thin film () AL + AH), bulk P(HB-co-
HHx) and bulk PHB. The solid curve drawn in (a) indicates the fit of
eq 1 in the text. Dash-dotted and dotted curves are numerically
calculatedAL exp(-RL(q-qL)2) andAH exp(-RH(q-qH)2) by using the
fitted parameters, respectively. In (b),AL and AH are normalized as
AL(30 °C) + AH(30 °C) ) 1. In (c), no intensity correction for
illuminating volume has been made. Instead of the correction, intensity
is set to be unity at room temperature so as to show the temperature
dependence effectively. Error bars are not indicated for the intensities
of bulk samples, since they are smaller than the size of symbols in this
figure.

I(q) ) aq2 + bq + c + AL exp(-RL(q - qL)2) +

AH exp(-RH(q - qH)2) (1)

Figure 5. Temperature dependence of (020) Bragg reflection of P(HB-
co-HHx). Measurement was done under out-of-plane GIXD setting with
a cooling rate of 0.05°C/min. For clarity, each diffraction profile is
shifted vertically. Unlike the measurement under the rapid cooling
(Figure 3), a low-resolution mode was adopted because of the
conventional X-ray source with 18 kW where we use X-rays much
weaker than those at synchrotron radiation facilities. Dotted curves are
(020)L and (020)H reflections at 139°C obtained by fitting. From the
trapezoidal shape of the profile, (020)L and (020)H appear to grow
equally under the slow cooling, which exhibits a sharp contrast with
the results shown in Figure 3.
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adopted to gain the diffracted intensity. Because of the low-
resolution mode, (020)L and (020)H are not resolved, but a broad
trapezoidal peak is obtained. Two peaks could have been
observed if a high-resolution mode had been adopted. At the
highest temperature observed, a broad, slightly asymmetric (020)
reflection which consists of (020)L and slightly strong (020)H

reflections is observed (two dotted curves in Figure 5). It
indicates that the probability of finding densely packed lamellae
is larger than that of finding loosely packed lamellae at
temperatures higher than room temperature, as is already
confirmed in high-resolution measurements (Figure 3). In a
subsequent slow cooling (cooling rate) 0.05°C/min), we find
that loosely packed lamella and densely packed lamella equally
form since the reflection grows by keeping the trapezoidal shape
(Figure 5). This result shows a sharp contrast with the result
under the rapid cooling condition in which densely packed
lamellae hardly formed throughout the quenching (Figure 3).
Since crystallization of quenched bulk PHB is known to proceed
for about 1 week at room temperature, the cooling rate of 1
°C/min adopted in the measurement shown in Figure 3 can be
regarded as a rapid cooling (i.e., (116°C - 30 °C)/(1 °C/min)
< 2 h). In comparison with the cooling rate of 1°C/min, the
cooling process with the speed of 0.05°C/min may rather be a
quasi-equilibrium process because it took more than 36 h from
139 °C to room temperature. If the reason for forming only
loosely packed lamellae after the rapid cooling is the lack of
the annealing time for loosely packed lamellae to transform to
densely packed ones, the result of slow cooling can naturally
be understood. Namely, during the slow cooling, about half of
loosely packed lamellae could acquire enough thermal energy
to get over the potential barrier to the stable state where the
densely packed lamellae occupy. It is thus strongly expected
that no loosely packed lamellae would be obtained in thermal
equilibrium. We consider that this is the first experimental results
on a novel surface effect which is responsible for the metastable
crystalline lamellae hardly observed in the structural studies on
bulk polymers. Formation of loosely packed lamellae under the
rapid cooling suggests that the mobility of molecules in the
surface region would substantially be higher than that in the
bulk region. The continuous fashion of lamellae melting at the
surface may support the high mobility in the surface region,
although we do not intend to exclude other possibilities for
molecular ordering at the surface, e.g., an epitaxial effect due
to the confined geometry. Further study like a direct measure-
ment of mobility or diffusion coefficient in the surface region
is certainly needed to determine the mechanism of loosely

packed lamellae formation and transformation to densely packed
lamellae on a microscopic level.

III. Surface Morphology of PHB and P(HB-co-HHx). The
relationship between surface morphology of PHB and film
thickness has already been investigated using XR, GIXD, and
AFM in ref 16. In this study, we measured XR and AFM of
P(HB-co-HHx) as well as PHB to see how the slight difference
in molecular structure can affect the surface morphology of thin
films. In Figure 6, a clear Kiessig fringe pattern is observed in
XR of the two P(HB-co-HHx) films. Since the fringe pattern is
caused by interference of X-rays reflected from the film surface
and the substrate surface, we can obtain film thickness and
parameters on the surface and interface roughness. From the
standard fitting procedure,23 thicknessd and surface roughness
σ are evaluated asd ) 34.5 nm,σ ) 3.8 nm for P(HB-co-
HHx) film prepared from solution with concentration of 6 mg/
cm3, andd ) 111.0 nm,σ ) 4.7 nm for P(HB-co-HHx) from
solution of 12 mg/cm3. The PHB film prepared from solution
of 6 mg/cm3 concentration also exhibits the fringe pattern
yielding d ) 30.0 nm andσ ) 3.4 nm. On the other hand, for
the PHB film prepared from the solution with concentration of
12 mg/cm3 which should be expected to have almost the same
thickness as the corresponding P(HB-co-HHx) film, no fringe
pattern is observed. Furthermore, XR of PHB (12 mg/cm3)
exhibits a steeper decrease in higherqz region than the curve
of the Fresnel reflectivity in which a perfectly flat surface was
assumed (not plotted). Since large surface roughness can easily
destroy the interference pattern and greatly reduce the intensity
in XR, Figure 6 indicates that a flat and coherent surface is not
formed for thicker PHB film (12 mg/cm3). This observation is
also confirmed from the inset of Figure 6, in which the enlarged
linear-scaled XR data depicted around the total reflection regime
(qz < 0.3 nm-1) is shown: On the XR of P(HB-co-HHx), a
distinct peak is seen atqz ) 0.22 nm-1, which corresponds to
the calculated critical momentum transferqc () 4π sin θc/λ)
for total reflection of P(HB-co-HHx). It indicates that the surface
of P(HB-co-HHx) film is fairly flat and quite parallel to the Si
substrate. It exhibits a sharp contrast with that of PHB. There
is no peak aroundqz ) qc in the XR of PHB, but some reduction
is recognized forqz < 0.27 nm-1. We consider that the loss of
intensity under such very shallow incident angles comes from
the rough and jugged surface morphology on the thick PHB
film. This speculation is fully consistent with the discussion on
the XRs inqz > qc.

Figure 7 displays AFM images of a P(HB-co-HHx) film with
d ) 111.0 nm and a corresponding PHB film. Surface

Figure 6. X-ray reflectivity of PHB and P(HB-co-HHx) thin films. Solid lines are the fitted curves. For clarity, each XR is shifted vertically and
labeled by concentration. Inset shows a linear-scaled XR in the total reflection region of PHB and that of P(HB-co-HHx); both of them were
prepared by solutions with concentration of 12 mg/cm3.
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morphology of the PHB film looks very dissimilar to that of
the corresponding P(HB-co-HHx) film. On the PHB surface,
two kinds of polygonal domains coexist. The one has a fine
texture that is also seen in the image of P(HB-co-HHx); another
has no fine structure in it but looks like a hillock pointed upward.
It is quite likely that one of them can be attributed to spherulites
truncated at the surface, since huge spherulites are often
observed in bulk PHB samples prepared from melt. However,
it might be better not to leap to the conclusion; as far as the
authors know from the experiments at room temperature, no
spherulite has formed in PHB dried from the chloroform
solutions dropped on glass substrates. From XR and AFM,
surface morphology of PHB and P(HB-co-HHx) was found to
be very similar to each other when the film thickness is less
than 50 nm (not shown). Therefore, the different morphology
inherent to each material would emerge only for the films thick
enough where effects from the polymer/Si interface would fully
be ignored. It may seem rather inexplicable if we recall the slight
difference in molecular structure between PHB and P(HB-co-
HHx). We consider that the high crystallinity of PHB would
be one of the origins on the difference in surface morphology
between homopolymers and random copolymers. Crystalline
lamellae on PHB surface might hinder the uniform surface
morphology, although we do not say whether the spherulites
form in the PHB ultrathin films or not.

Controlling the crystallinity in semicrystalline polymers has
been one of the key issues in practical applications, since the
crystallinity greatly affects many mechanical properties in
polymeric substances. PHAs may become too brittle, presumably
due to the crystallites embedded in amorphous matrix. We think
we may shed a light on to this problem from a different
standpoint. Since loosely packed lamellae are found to easily
form even during the rapid cooling, formation of a surface with
high coverage of crystalline lamellae seems to be inevitable.
Such loosely packed lamellae would eventually transform to
more stable, densely packed lamellae which would be in the
lower energy state at an ambient temperature. Once the
crystallites find a way to the stable state in their energy
landscape, the energy difference between amorphous and
densely packed lamellae may act as a driving force for
expanding the volume of stable crystalline lamellae into the
adjacent amorphous matrix. On a free surface like this, part of
crystallization may extend inward like other glass forming non-
polymeric materials at above their glass transition tempera-
tures.18 Controlling the crystallinity in the surface region would
thus become a technologically critical and challenging issue
which determines the physical properties of PHAs, especially
for thin films and fibers. Relationship between crystallinity and
morphology at the surface for various HHx concentrations and
their temperature dependence are open questions, which should
certainly become crucial for controlling the physical properties
in the surface region as well as those in the bulk region.

Summary

Surface structure and thermal properties of PHB and P(HB-
co-HHx) thin films are investigated by GIXD and XR with
conventional X-ray and synchrotron radiation. Preferred orienta-
tion of crystallites in thin films is confirmed for both polymers.
An origin of surface-induced preferred orientation is explained
by C-H‚‚‚OdC hydrogen bonding. Moreover, lamellae in the
surface region are found to be classified by stable and metastable
types. Novel crystallization process peculiar to the surface
region, in which transformation from metastable lamellae to
stable ones is a key phenomenon, is proposed. Different surface
morphology between PHB and P(HB-co-HHx) films is studied
by XR and AFM, most likely reflecting the difference in
crystallinity in the surface region.
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