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between PHB/PHBHx and the AO surface. The crystallization retardation mechanism was explained as being a sum of the 
dipole−dipole interactions of −CO of PHB or PHBHx and the −O−Al−O− groups of AO coupled with the rigid disordered 
amorphous nature of the AO surface. 

ABSTRACT: Ultrathin films of biodegradable poly[(R)-3-hydroxybutyrate] 
(PHB) and its random copolymer poly[(R)-3-hydroxybutyrate-co-(R)-3-hydrox- 
yhexanoate] (PHBHx) were prepared by spin-coating onto aluminum substrates 
with a naturally oxidized aluminum oxide (AO) surface layer or, alternatively, on 
gold substrates. The opposite surface of the film was in contact with ambient air. 
Isothermal crystallization kinetics of these films at room temperature were studied 
using infrared reflection absorption spectroscopy. The overall crystallization rate 
for all the polymers when crystallizing on AO is significantly retarded compared 
with the same polymer crystallizing on gold. It was found that the retardation effect 
was not due to a confinement effect. The crystallization retardation effect was 
especially enhanced for PHBHx with a higher (R)-3-hydroxyhexanoate content. 
Avrami analysis showed that the crystallization rate constant k (min−1) for all of 
the polymers on AO is approximately 3 to 4 orders of magnitude less than that 
found for the same polymer on gold. Grazing incident wide-angle X-ray diffraction 
showed that polymers on gold have both flat-on and edge-on crystallite orientations, whereas polymers on AO have a 
dominating edge-on crystallite orientation. Infrared studies on a quasi-monolayer film revealed no detectable H-bonding 
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■ INTRODUCTION 
Poly[(R)-3-hydroxybutyrate]  (PHB)  and  its  random copoly- 
mer poly[(R)-3-hydroxybutyrate-co-(R)-3-hydroxyhexanoate] 
(PHBHx) are bio-based and biodegradable aliphatic polyesters 
that can be produced by bacterial fermentation.1−4 PHB and 
PHBHx have gained substantial interest in both the academic 
and industrial research communities as environmentally 
friendly polymers. PHB and PHBHx serve as energy and 
carbon storage materials when synthesized in the cells of 
microorganisms. The PHB homopolymer suffers from both a 
high melting temperature, which is close to the thermal 
degradation temperature, and brittleness because of excessively 
high crystallinity.3 PHBHx, now commercialized as Nodax by 
Danimer Scientific (Bainbridge, GA), can be biosynthesized by 
randomly incorporating a noncrystalline comonomer unit (R)- 

 
barrier properties, and good biocompatibility, many uses of 
PHB and PHBHx are being explored in plastics, the packaging 
industry, and medical applications such as tissue engineering 
scaffolds.5 

Extensive studies have shown that both PHB and PHBHx 
exhibit intriguing crystallization profiles. Two crystal poly- 
morphs have been identified so far: the alpha crystal form with 
an orthorhombic unit cell (space group: P212121, a = 5.76 Å, b 
= 13.20 Å, and c = 5.96 Å)6,7 and the beta form containing a 
planar zigzag chain conformation, typically found as a 
metastable ordered phase.8−10 Formation of alpha  crystals 
has been found to be driven by an unusually weak but 
cooperative  H-bonding  formed  between  the  hydrogen  of 
methyl group from one helix and the oxygen of carbonyl group 
from an adjacent helix in the crystal.11−14 This unusual H- 

3-hydroxyhexanoate (3HHx), giving rise to a lower melting    
temperature and reduction in crystallinity, leading to a tougher 
material. Because of desired material properties including 
mechanical properties comparable to polypropylene, good gas 
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bonding network appears to enable the formation of a 
thermodynamically stable crystal structure even with the 
substantial presence of noncrystallizing comonomer units. 
The beta form has additional promising material properties 
and  functionality,  such  as  a  higher  tensile  strength  and 
significant piezoelectricity.15−17 Thus, exploring technical 
methods to retard or inhibit the alpha crystallization of PHB 
has practical significance. Inhibiting the alpha crystallization 
can make the polymer easier to process with improved material 
toughness. Slowing down the alpha crystallization also benefits 

the production of the beta form. Making beta form is a 
technical challenge because of the unusually rapid formation of 

alpha crystals. Therefore, if the amorphous state can be 
maintained below the melting temperature, the operating time 

window to process the polymer (such as during film 
stretching) to induce beta-form crystals will be broadened.15,16 

Protocols to produce amorphous PHB in general fall into 
two categories. The first involves creating a spatially confined 

environment to inhibit PHB from crystallizing by mimicking 
the native PHB amorphous granules found in cells.18 In vivo, 
PHB and PHBHx maintain an amorphous granular state,19 
which is believed to be driven by a spatial confinement and 

isolation effect in the cell. For example, PHB nanorods 
fabricated from a porous three-dimensional anodized alumi- 
num oxide (AAO) scaffold were found not to crystallize when 
the pore size is small.20 In this study, the inhibition effect was 

also found to correlate with the degree of curvature of the 
confinement pore. In another example, a 16 nm PHB ultrathin 

film sandwiched between a Si wafer and an amorphous 
polymer layer was found not to be able to crystallize, existing as 

an amorphous layer irrespective of crystallization temper- 
atures.21 Napolitano and Wu ̈bbenhorst also reported that PHB 
ultrathin films sandwiched between two aluminum plates were 
also found not to crystallize.22 However, in these systems, once 
the confinement constraints were released, the polymer then 
started to crystallize. Alternatively, another approach to inhibit 
PHB crystallization is through a surface-induced crystallization 

inhibition by utilizing substrates with surface chemistries 
capable of interacting with PHB to retard or inhibit 

crystallization. This method has more practical relevance 
because it has the potential to inhibit or retard crystallization in 

a  less  constrained  environment.  For  example,  Capitańet  al. 
found that the crystallization of PHB nanofilms was inhibited 
when one side of the film was in contact with glass while the 
other side was exposed to the ambient environment and free 
from such contact.23 In this system, the confinement effect is 
much less compared to the sandwiched structure. This surface- 

induced inhibition effect may also provide access to the 
development of nanocomposites by blending PHB/PHBHx 
with nanoparticles having similar surface properties. Therefore, 
it is important to explore other substrates with the potential to 
inhibit PHB crystallization. 

In Napolitano’s work,22 reasons for the inhibition effect 
remain an open question “Is it due to a size effect or the 
intrinsic aluminum oxide (AO) surface chemistry effect?”. In 
this paper, we will demonstrate that the crystallization 
retardation and inhibition of PHB and PHBHx on a flat AO 
surface still exist even for thin films with one surface exposed 
to air. To our knowledge, this is the first demonstration that an 
AO surface itself, without confinement, can retard crystal- 
lization of PHB and PHBHx. 

In the current study, thin films of both PHB and PHBHx 
were spin-coated on flat aluminum substrates (with a native 

 

 
 

oxide layer) and also on gold substrates. The gold substrate 
was used as the reference surface for comparison. The real-time 
crystallization process was recorded using infrared reflection− 
absorption spectroscopy (IRRAS). The kinetic data for all the 
samples were evaluated using Avrami analysis. Two-dimen- 
sional grazing incident wide-angle X-ray diffraction (GI- 
WAXD) was used to examine the crystal orientation in the 
films. A mechanism of AO-induced crystallization inhibition of 
PHB and PHBHx is proposed based on the Avrami analysis 
and the surface structure of AO. 

■ EXPERIMENTAL SECTION 
Materials. PHB was purchased from Sigma-Aldrich (St. Louis, 

MO, USA) while PHBHx with different 3HHx concentrations and 
atactic PHB (aPHB) were provided by the Procter & Gamble 
Company (Cincinnati, OH, USA). The molecular weight (weight- 
averaged) for PHBHx(5.8 mol %), PHBHx(9.4 mol %), and 
PHBHx(13 mol %) is 461 387, 454 501, and 840 000 g/mol, 
respectively. Chloroform was purchased from Fisher Scientific. 
Methylene iodide (MI) used for contact angle measurements was 
purchased from Sigma-Aldrich. All the as-received polymers were 
purified by a two-step standard purification method to remove polar 
and nonpolar impurities.11 Other chemicals were used as received. 

Gold-coated glass substrates were purchased from Platypus 
Technologies LLC while aluminum-coated glass substrates were 
purchased from Deposition Research Lab Inc. Both the substrates 
were prepared by physical vapor deposition and the deposition layers 
were approximately 100 nm thick. After deposition, the aluminum- 
coated substrates were allowed to naturally oxidize by being exposed 
to  ambient  air  at  room  temperature  (around  23  °C).  To remove 
physically adsorbed water, both gold and aluminum substrates were 
purged under nitrogen for 30 min before spin-coating. The roughness 
profiles in root mean square for the two substrates were determined 
using a Dimension 3100 atomic force microscope, were 1.27 and 1.52 
nm for gold and aluminum, respectively (see Supporting Information 
S1). 

Thin-Film Preparation. A solution of 0.5 wt % polymer in 
chloroform was used for spin-coating. A 0.5 mL loading of polymer 
solution was used. A 1300 rpm/s acceleration rate was applied, and 
the spin coater was operated at 4000 rpm for 3 min. These spin- 
coating conditions resulted in a thin film of approximately 40 nm 
thickness. The film thickness was determined using X-ray 
reflectometry (see Supporting Information S2). For melt crystal- 
lization, the as-spin-coated film was first placed on a preheated hot 
plate equipped with a ceramic top surface. The exact melting time 
applied for each sample was dependent on the specific polymer and 
substrate. The heating profile for each sample is listed in Supporting 
Information S3. Once melting was complete, the sample was 
immediately placed in contact with a 5 °C copper surface to cool it 
down to room temperature. The sample was then rapidly transferred 
into the infrared spectrometer chamber for recording of its spectrum. 
The interval between cooling and recording the first spectrum was 2 
min. 

Infrared Reflection−Absorption Spectroscopy. IRRAS meas- 
urements were conducted using a Thermo Nicolet 670 Nexus FT-IR 
spectrometer with a DTGS detector. A specular reflectance accessory 
(PIKE Tech. 80Spec) was used with a fixed incident angle of 80°. 
Gold and aluminum mirrors at 80° incident angle have the same 
absorption factor, as shown by Greenler’s paper.24 Each spectrum was 
collected by averaging 32 scans with a 4 cm−1 resolution from 600 to 
4000 cm−1. The as-collected raw spectra were baseline-corrected 
using the Essential FTIR software. 

Grazing Incident Wide-Angle X-ray Diffraction. An Xeuss 2.0 X-
ray diffractometer equipped with a two-dimensional X-ray detector 
was used to examine the in-plane and out-of-plane crystallite 
orientation profiles. The instrument was operated at a current of 
0.6 mA and voltage of 50 kV. Cu Kα radiation with an X-ray 
wavelength of 0.154 nm was used. The grazing angle used was 0.2°, 
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Figure 1. IRRAS spectra and second-derivative spectra of carbonyl stretching region (A), and backbone region (B) for PHB crystallization on gold 
at room temperature. 

 

 

which is approximately 1.2 times the critical angle at these 
experimental conditions and ensures that the X-ray beam penetrates 
the entire sample. Samples for GIWAXD measurements were 
investigated after a 5-day room-temperature crystallization. GIWAXD 
experiments were conducted at room temperature. 

X-ray Photoelectron Spectroscopy. The X-ray photoelectron 
spectroscopy (XPS) spectra were collected on a Thermo Scientific K- 
Alpha XPS instrument with an Al Kα X-ray source at an energy of 
1486.6 eV at a base pressure below 5 × 10−8 Torr. The takeoff angle 
was 90° with respect to the analyzer, ensuring maximum collection 
efficiency. The survey spectrum was collected with an energy range of 
0−1200 eV (a survey spectrum is shown in Supporting Information 
S4). The high-resolution spectra for C 1s, O 1s, and Al 2p were 
collected with the pass energy of 20 eV. The data analysis was 
performed with CasaXPS (version 2.3.16) software. All peak positions 
and relative sensitivity factors were calibrated to the C 1s peak at 285 
eV.25 

Transmission Electron Microscopy. To examine the structure 
of the aluminum substrate surface, a replica of the aluminum substrate 
cross section was prepared using a focused ion beam lift-out approach 
(Zeiss Auriga 60 dual beam scanning electron microscopy). The 
outmost layer was protected by sputtering a gold protection layer to 
prevent potential beam damage. A Talos F200C TEM operated at a 
voltage of 200 kV was used for recording the high-resolution image of 
the aluminum/AO interfacial region. 

■ RESULTS AND DISCUSSION 
Typical  IRRAS  Spectra  during  Room-Temperature 

Crystallization.   Measuring  crystallization  kinetic  profiles is 

and 120 min, respectively, to show spectral changes, as detailed 
in Figure 1. 

In the carbonyl stretching region (Figure 1A), at the very 
beginning, only a peak at 1749 cm−1 appears, which is 
attributed to the carbonyl from the amorphous material. As 
crystallization proceeds, a peak located at 1726 cm−1 grows, 
which is assigned to the carbonyl stretch in alpha crystals.13 In 
addition, with crystallization, the amorphous peak maximum at 
1749 cm−1 shifted to approximately 1747 cm−1, possibly 
indicating   that   the   local   environment   of an  amorphous 
carbonyl changes from a less restricted environment to  a 
more restricted environment. It is most likely due to the 
amorphous carbonyls located near the thin-film-free surface 
prior to crystallization, which have been transformed into 
interlamellar amorphous carbonyls after crystallization. In the 
interlamellar region, a more restricted local environment is 
expected. The higher-wavenumber amorphous carbonyl in 
PHB and PHBHx systems has also been reported in other  
studies recently.28,29 The alpha crystallization can also be seen 
by  examining  the  backbone  region  (Figure  1B).  The peak 
located   at   1230   cm−1  can  be  assigned   to  −C−O−C− 
stretching in the crystalline region.30 The bands at 1230 and 
1726 cm−1 were found to increase simultaneously. In the 
current crystallization kinetics study, we will use the well- 
isolated band at 1230 cm−1 to evaluate the crystallinity changes 
during  crystallization.  The  relative  crystallinity  at  any given 
time can be described by 

traditionally carried out using differential scanning calorimetry 
(DSC). However, this technique is typically reserved for bulk 
samples. For ultrathin films attached to reflective substrates, 

Xt = It − I0 
I∞ − I0 

IRRAS serves as a powerful tool for the study of crystallization 
kinetics. Using infrared spectroscopy to quantitatively study 
transformation kinetics has been reported previously, where it 
has been shown that the IR measurement-derived kinetics 
matched well with the DSC measurements.26,27 In this study, 
in order to demonstrate the crystallization retardation of PHB 
and PHBHx on an aluminum substrate, a gold substrate was 
used as the reference substrate because of the inert nature of 
gold to polyesters. 

Preliminary results showed that the typical changing trend of 
spectra for all the samples only differs in the changing rate of 
IR peak intensity. Hence, we first examine the typical IR 
spectra during room-temperature crystallization using PHB/ 
gold as an example. For PHB crystallization on gold, we found 
that within 120 min, crystallization was complete. We, 
therefore, selected five IRRAS spectra taken at 2, 5, 10, 15, 

where Xt is the relative crystallinity at time t, and I0, It, and I∞ 
are the 1230 cm−1 peak intensities at time zero, time t, and 
time infinity, respectively. In this experiment, the value used for 
I∞ was from the sample after 5-day crystallization at room 
temperature. This is because the major development of the 
overall crystallinity in polymer crystallization is mostly derived 
from primary crystallization. We found that, for our samples, 
the primary crystallization was mostly complete within 5 days, 
even for PHBHx(13 mol %) on Al, which has the lowest 
crystallization rate. 

Time-Dependent Relative Crystallinity of PHB and  
PHBHx on Gold and Aluminum Substrates. We  first  
examine the time-dependent crystallinity profiles on a gold 
substrate as a function of 3HHx content, and these are shown 
in Figure 2. As one can see, all transformations show classic 
“S”-shaped curves. The “S”-shaped curve is typically divided 
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Figure 2. PHB and PHBHx time-dependent crystallinity profiles on 
gold as a function of 3HHx. Red profiles are experimental data points. 
Black profiles are fittings based on Avrami analysis. 

 
 

 
into three crystallization regions (see Supporting Information 
S5): induction period, primary crystallization period, and 
secondary crystallization period. A couple of interesting kinetic 
features can be identified. First, crystallization occurs relatively 
fast for all the polymers on gold. Even for PHBHx (13 mol % 
3HHx), after 120 min, the primary crystallization was 
complete, and the sample was well into the secondary 
crystallization period. This fast crystallization rate implies  
that the polymer has enough chain segmental mobility in this 
asymmetric ultrathin film with film/air interface. We note that 
the very first spectrum for PHB/Au sample already showed a 
small peak on 1230 cm−1 (see Supporting Information S6), 
indicating that crystallization probably already occurred during 
cooling. Second, the overall crystallization rate decreases with 
increasing 3HHx content. This is expected because a higher 

3HHx comonomer content makes nucleation and growth more 
difficult. Chain segment mobility should be reduced because of 
the steric effect of 3HHx, a relatively bulky medium-length- 
chain side group. 

The time-dependent relative crystallinity profiles of different 
polymers on aluminum substrates are shown in Figure 3. The 
crystallinity profile on gold for each polymer was included for 
comparison. It can be seen that for all polymers, crystallization 
on an aluminum substrate is significantly slower than that for a 
gold substrate. Especially intriguing is the case of PHBHx (13 
mol %) (Figure 3D), where the induction period can last as 
long as 12 h. We also found that 48 h were needed for PHBHx 
(13 mol %) to reach a crystallinity of 50%. 

Avrami  Analysis  of  Crystallization  Kinetics.  Previous 
results showed that on an aluminum substrate, all the polymers 
exhibit crystallization retardation. In order to further elucidate 
the effect of an aluminum substrate on the crystallization 
mechanisms and control factors, we attempted to fit the kinetic 
data into a classic Avrami equation. The validation of applying 
Avrami equation to two-dimensional ultrathin films has been 
demonstrated in previous work by others.31−33 The Avrami 
equation can be expressed as34 Xt = 1 − exp(−ktn), or in the 
form of double logarithm, ln(−ln(1 − Xt)) = ln k + n ln t, 
where Xt is the relative crystallinity as mentioned before, k 
(min−1) is the overall crystallization rate constant accounting 
for both nucleation and growth process, and n is the Avrami 
index, describing a crystallization mechanism. The overall 
Avrami index n can be further decomposed and described by n 
= n1 + cn2, where n1 is the nucleation index, n2 is the growth 
dimensionality, and c is the growth index.35 In our case, the 
growth dimension is 2 for all the samples, so n2 = 2 because all 

 
 

 

 

Figure 3. Relative crystallinity profile of different polymers on gold and aluminum substrates. A: PHB; B: PHBHx (5.8 mol %); C: PHBHx (9.4 
mol %); and D: PHBHx (13 mol %). Red curve: gold. Blue curve: aluminum. 
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the samples are two-dimensional ultrathin films. For a 
complete instantaneous nucleation, n1 = 0, whereas for a 
complete sporadic nucleation, n1 = 1. Nonintegral n1 was also 
found in many cases because of the processes between 
instantaneous and sporadic nucleation. The growth index c 
describes whether the crystallization mechanism is interface- 
controlled or diffusion-controlled. For a complete interface 
control, c = 1, whereas for a complete diffusion control, c = 0.5. 
Values between 0.5 and 1 can be interpreted as both control 
factors contributing to the overall growth mechanism. 

In the current study, kinetic data in the crystallinity range of 
15% < Xt < 50% were used for the curve fitting for all the 
samples.  Results  are  shown  in  Figure  4.  Because  of  an 

 
 

 

 

Figure 4. Avrami plot of PHB and PHBHx with varying 3HHx 
content on gold (red) and aluminum (blue) substrate. Black lines are 

where n(Au) first increases and then decreases. Hypothetically, 
this difference occurs because diffusion control starts taking 
effect at 5.8 mol % 3HHx content in the Al case. Because 
Avrami analysis is a semiempirical method, supplementary 
experimental techniques such as dielectric spectroscopy may 
be applied in the future to reveal more details of chain 
dynamics of PHB/PHBHx on AO surfaces.20 

Now, let us examine the overall rate constant k, as shown in 
Table 1. We found that on gold, all the polymers show a rate 
constant, k, with comparable order of magnitude with respect 
to that found in the bulk.36 This observation suggests that we 
have an ultrathin film system with comparable crystallization 
kinetics compared to the bulk. This result is most likely 
because the chain has enhanced mobility on the film/air 
interface and has a weakened mobility on the substrate surface, 
leading to the two effects canceling out each other, giving rise 
to bulk-like crystallization kinetics. Our system, thus, is very 
different from the confined systems, such as in an AAO porous 
scaffold and in two-plate sandwiched structures.20,22 In 
addition, k for PHB/Au is high, equivalent to a bulk 
crystallization rate at 48 or 90 °C.36  This  is  an additional 
line of evidence that, for this particular sample, the nucleation 
starts during cooling, consistent with the previous IR 
observation. However, the k values for polymers on aluminum, 
in general, are around 3 to 4 orders of magnitude less than 
those found on gold. For PHBHx with high 3HHx content, k 
can be as low as 10−8 min−1. The crystallization half-time, 
denoted as t1/2, can be calculated from t1/2 = [(log 2)/k]1/n (or 

the fittings. Xt = 1 − exp(−kt n)). A retardation factor, hence, can be 
 

 

extensively long induction period, fitting for PHBHx (13  mol 
%)/Al failed, so it is not included in the figure. For all the other 
samples, the overall Avrami index n and rate constant k can be 
directly extracted from the curves and they are listed in Table 
1. The extracted values of n are plotted as a function of 3HHx 

 
 

Table 1. Kinetic Parameters Derived from Experimental 
Avrami Analysis 

 

 polymer n k (min−1) t1/2 (min) 
gold PHB 2.07 8.41 × 10−3 8 

 PHBHx5.8 2.91 2.35 × 10−4 16 
 PHBHx9.4 3.16 3.71 × 10−5 23 
 PHBHx13 2.53 3.04 × 10−5 53 

aluminum PHB 2.87 5.50 × 10−6 60 
 PHBHx5.8 2.76 4.65 × 10−8 395 
 PHBHx9.4 2.46 6.96 × 10−8 693 

 
content for gold and aluminum substrates, as shown in Figure 
5A. We can see that as 3HHx increases, when deposited on 
gold, n first increases, and then decreases [for PHBHx (13 mol 
%)]. This indicates that when it is deposited on gold and as 
3HHx increases, nucleation becomes more difficult, making n1 
increase, leading to an overall increase in n. When 3HHx 
increases to 13 mol %, it is highly possible that diffusion 
control occurs causing c to decrease and thus leading to a 
decrease in n. 

For crystallization on an Al substrate, two facts can be 
concluded from Figure 5A. First, for PHB, the Avrami index 
n(Al) is greater than n(Au), indicating that the nucleation has 
become more difficult on an Al substrate. Second, n(Al) 
decreases with increased 3HHx content. This straightforward, 
decreasing trend is different than the variable trend of n(Au), 

defined as Fr = t1/2[Al]/t1/2[Au] to reflect the inhibition effect 
of Al on crystallization for different polymers. The plot of Fr as 
a function of 3HHx is shown in Figure 5B. One can clearly see 
that an aluminum substrate shows an increasing crystallization 
retardation effect for the copolymers with increased 3HHx, 
suggesting that at high 3HHx, the retardation effect was 
enhanced. This observation is consistent with our Avrami 
index analysis, that is, at a higher 3HHx content, the diffusion 
control factor dominates, and Al has a more prominent 
hindering effect on the diffusion process. 

Mechanism Study of Crystallization Retardation.  We  
first examine the possible interactions between PHB/PHBHx 
and an aluminum substrate surface. The elemental analysis of 
the surface of an Al substrate was performed using XPS, as 
shown in Figure 6. As expected, Al 2p and O 1s profiles clearly 
indicate the presence of AO on the surface. In addition, a weak 
hydroxyl peak (from peak fitting) from Al−OH was observed, 
indicating that a trace amount of chemically bound −OH is 
present on the AO surface. Previous studies have shown that 
ester groups in certain polymers are able to form a H-bonded 
interaction with surface hydroxyl groups from an AO 
surface.37,38 For instance, in the work by Brogly et al., the 
ester group in poly(methyl methacrylate) (PMMA) was able to 
H-bond with Al−OH, leading to a 10 cm−1 red shift of the 
carbonyl peak from 1740 to 1730 cm−1. Ulreńet al. found that 
the ester group from poly(ethylene-co-butyl acrylate) (EBA) 
forms a H-bonded interaction with species on the AO surface, 
giving rise to an 8 cm−1  red shift of the carbonyl peak.  In the 
current study, however, no evidence of a red shift resulting 
from H-bonding was observed in all the samples. Three 
possible reasons are proposed for the absence of the red shift 
of the carbonyl stretching band for PHB and PHBHx. First, it 
is possible that the H-bonding interaction does not exist, or if it 
does, the interaction might be too subtle to be detected by the 
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Figure 5. A: Avrami index plot against 3HHx content on gold (black) and aluminum (red) substrates. B: Plot of retardation factor Fr against 3HHx 
content. 

 

 

Figure 6. XPS profiles of the surface of aluminum substrate. Left: Al 
2p profile. Right: O 1s profile. 

 
 

IRRAS measurement. The XPS data indeed show that the 
−OH species on AO is very minimal. In studies by Brogly et al. 
and  Ulreńet  al.,  the  detailed  chemical  nature  of  the  AO 
surfaces and the surface treatments used were not discussed. 
Thus, it is possible that the AO surfaces used in their studies 
have more −OH than our AO surfaces, which can lead to H- 
bond formation. Second, if we hypothesize that a trace amount 
of −OH can form H-bonds with −C O from PHB/PHBHx, 
then the interaction would be located near the 1−2 nm 
interfacial layer of polymer/substrate. A 40 nm film would be 
too thick for us to detect this potential H-bonding interaction. 
Third, another possible reason for the absence of a red shift 
could be that the new peak due to the potential H-bonding is 
obscured by the crystalline carbonyl peak at 1726 cm−1 due to 
crystallization. 

To eliminate the latter two possibilities, we used aPHB,  
which is incapable of crystallizing because of its atactic 
architecture, to study the interaction of polymer/substrate. 

Thus, any red shift from the 1749 cm−1 amorphous peak must 
come from the interaction between aPHB with an AO surface. 
In addition, to study the interaction from the actual polymer/ 
substrate interfacial layer, we prepared nanolayer thin films of 
aPHB using a 0.003 wt % aPHB in a chloroform solution. The 
film thickness of this nanolayer is estimated to be 1.36 nm. 
Detailed preparation conditions and thickness calculation can 
be found in Supporting Information S7. The IRRAS spectra of 
both  aPHB  nanolayer  and  aPHB  40  nm  “thick”  films are 
displayed in Figure 7. We see a 2 cm−1 red shift from 1749 to 
1747 cm−1 for the aluminum substrate, but a similar peak 
displacement was also seen in the gold case, suggesting that 
this slight shift is not limited to Al substrate. Hence, even using 
a 1.36 nm-thick aPHB nanolayer, we still did not observe as 
prominent a red shift of the carbonyl stretching band as was 
reported by Brogly et al. (a 10 cm−1 shift) and Ulreńet al. (a 8 
cm−1 shift). Therefore, this finding enables us to conclude that 
it is possible that the H-bonding interaction does not exist, or if 
it does, the interaction might be too subtle to be detected by 
the IRRAS measurement. In addition, molecular structural 
differences between PHB/PHBHx and PMMA may also be 
another reason for the absence of a H-bonding interaction. 
PHB/PHBHx has ester groups in the backbone, which is 
different from PMMA and EBA, where ester groups were 
located at the side chain. Side chain ester groups may result in 
a more effective contact of −C   O with an AO surface to form 
H-bonds. However, because the crystallization retardation 
effect is significant, we can conclude that apart from H- 
bonding  interactions,  there   must   be  other  molecular 

 
 

 

 

Figure 7. Comparison of IR carbonyl stretching region of aPHB nanolayer vs 40 nm layer on aluminum substrate (A) and gold substrate (B). 
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interactions present, which contribute to this crystallization 
retardation phenomenon. 

Dipole−Dipole Interaction between PHB/PHBHx  and  
AO Surface. Though no H-bonding was detected, an 
interaction force such as a dipole−dipole interaction between 
an ester group and the AO surface may also play a critical role. 
We examined the surface energy of the two substrates. The 
relative polarity of each surface can be evaluated using an 
Owens and Wendt analysis.39 The Owens and Wendt equation 
has the form of 

another question that arises is why the AO surface promotes 
crystallization retardation but not a crystallization enhance- 
ment by serving as a nucleating template? We speculate that 
crystallization retardation or enhancement depends on the 
degree of order of the substrate surface. Figure 9 shows a high- 
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where θ is the measured contact angle of a test liquid on the 
substrate, γsd and γsp are the dispersion component and the 
polar component of surface energy of the solid substrate, 
respectively, γld and γlp are the dispersion component and the 
polar component of the test liquid, respectively. γlv is the 
surface-free energy of the test liquid droplet under equilibrium 
with its vapor phase. The test liquids used are water and MI. 
The measured static contact angles are shown in Figure 8. The 

 
 

 

 

Figure 8. Measured static contact angles of water and MI on gold and 
AO surfaces. 

 
 

derived surface-free energy terms for the two surfaces are listed 
in Table 2. It is observed that for gold, the dispersive force 

 
 

Table 2. Calculated Surface Energy for Gold and Aluminum 
Substrates 

 
 
 

Figure 9. TEM high-resolution micrograph of Al/AO cross-sectional 
area. Left: overall view of the cross section and diffraction pattern 
from the metal layer. Right: a zoom-in to show clear lattice imaging. 

 
 

 
resolution transmission electron microscopy (TEM) micro- 
graph of an aluminum/AO interfacial region. One can clearly 
identify the bulk aluminum metal layer and its high crystallinity 
as indicated by the real-space lattice imaging and diffraction 
pattern. A 5 nm surface oxide layer was observed, which shows 
no lattice structure, indicating that it is disordered in nature. It 
is known that because of a required high activation energy, 
naturally formed metal oxide remains amorphous in the 
absence of an annealing treatment at high temperature.40 The 
disordered AO surface will not facilitate polymer crystallization 
because of the absence of available crystalline facets to provide 
efficient nucleating sites. Instead, once the polymer is melted 
to form random coils, dipole−dipole interactions between the 
polymers and the disordered surface structure will anchor  the 
polymer in a disordered state. The amorphous surface also 
provides nanoscale holes or sites to trap chain segments to 
prevent chain movement required for crystallization. The 
intrinsic stiffness and rigidity of a metal oxide surface will also 
inhibit chain relaxation. All these factors result even after 
cooling to room temperature (over 100 degree  supercooling), 

 
 

surface 

total surface 
energy 

(ergs/cm2) 

polar 
component 
(ergs/cm2) 

dispersion 
component 
(ergs/cm2) 

polar 
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(%) 

indicating that the polymers can still exist in a supercooled 
amorphous state for an extended time period [over 12 h for 
PHBHx (13 mol %)], thereby contributing to the crystal- 

gold 44.71 0.53 44.18 1 
AO 55.13 26.32 28.81 48 

 
 

 

component dominates, whereas for AO, around 50% of the 
polar component contributes to the total surface energy. This 
finding indicates that AO has a highly polar surface. The 
crystallization of PHB and PHBHx relies on the intramolecular 
H-bonds formed between −C O from one stem and −CH3 
groups from the neighboring stem. If−C O instead associates 
with O−Al−O from AO rather than associating with −CH3 
from  the  polymers,  crystallization  may  be  disrupted.  In 
contrast, as shown in Table 2, the gold substrate has a 
dispersive surface, resulting in a weaker polymer/substrate 
interaction. Such a dispersive interaction is not expected to 
disrupt polymer crystallization. 

However, we propose that dipole−dipole interactions may 
not be sufficient to result in such a prominent crystallization 
inhibition effect observed in the current study. In addition, 

lization retardation phenomenon. Although the possibility of 
H-bond formation cannot be completely ruled out, our data 
indeed did not show a typical H-bond-induced red shift of the 
carbonyls. Thus, for a first approximation, we attribute the 
crystallization retardation to the dipole−dipole interaction and 
the disordered nature of the AO surface. 

Effect of the Aluminum Substrate on the Crystal 
Orientation. Crystal orientation profiles for the homopolymer 
PHB and the copolymer PHBHx (13 mol %) were investigated 
using GIWAXD on gold and aluminum substrates, as shown in 
Figure 10. All samples used for GIWAXD study were well 
crystallized at room temperature after 5 days. The appearance 
of the (020) reflection along the out-of-plane (perpendicular) 
direction indicates an edge-on lamellae orientation, whereas 
(20) appearing along the in-plane (horizontal) direction 
indicates a flat-on lamellar orientation. When crystallizing on 
gold, the edge-on oriented crystals predominate, but a fair 
amount of flat-on oriented crystals can also be seen as 
indicated  by  a  weak  (020)  reflection  along  the  horizontal 
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Figure 10. GIWAXD profiles for a PHB crystalline film on gold (A), 
PHB crystalline film on AO (B), PHBHx (13 mol %) film on gold 
(C), and PHBHx (13 mol %) film on AO (D). 

 
 

direction. In addition, for PHB/Au, along the out-of-plane 
direction, we see a second (020) peak, denoted as (020)H, with 
a smaller d-spacing (higher reflection angle), suggesting a more 
perfect alpha crystal. It is most likely that these more perfect 
crystals were developed during the cooling step. This 
observation is consistent with the IRRAS data and the Avrami 
analysis. Two d-spacings of the (020) peak were also observed 
by Khasanah et al.41 In contrast, on an aluminum substrate, 
both PHB and PHBHx (13 mol %) show only edge-on 
orientation, and no flat-on orientation was observed. This 
substrate-induced crystal orientation difference will be 
discussed in a later section. In addition, based on the 
diffraction pattern observed on either on gold or aluminum, 
the overall reflection intensity for PHBHx (13 mol %) is much 
weaker than that of PHB because of its intrinsic lower 
crystallinity. 

Proposed Mechanism for  Edge-on  Crystal  Orienta-  
tion of PHB/PHBHx on Aluminum Substrate. Now, a 
possible explanation for why the crystallites only show edge-on 
orientation, as indicated by the GIWAXD data in Figure 10, on 
aluminum substrates (or AO) will be discussed. Let us first 
examine the sample of PHBHx (13 mol %) on Au (Figure 
10C) and AO (Figure 10D). Both samples have edge-on 
crystals as indicated by the (020) peak along the perpendicular 
direction, whereas PHBHx 13 (mol %) on Au also has flat-on 
crystals as indicated by the (020) peak along the horizontal 
direction. These two samples crystallize isothermally at room 
temperature; therefore, both have the same crystallization 
temperature profile. Thus, the orientation profile difference is 
not due to a temperature effect but possibly due to a substrate 
effect. Typically, a low crystallization temperature facilitates 
edge-on crystal formation,42 and room temperature for PHBHx 
is a low crystallization temperature. Therefore, the flat-on 
crystals for PHBHx (13 mol %) on Au is most likely due to a 
confinement effect. It is well known that the confinement effect 
can induce a flat-on crystal orientation.31 In our case, the flat- 
on crystals were most likely developed in the confinement layer 
of the polymer/Au substrate interface, where the polymer is 
confined by the bottom substrate. Such confinement-induced 
flat-on crystals for PHB have been studied extensively by 
Khasanah et al.41 In their work, it has been found that PHB in 
the confinement layer tends to form flat-on crystals, whereas 

polymers near the film surface (polymer/air interface) tend to 
crystallize into edge-on crystals. The proposed hypothesis for 
the absence of confinement-induced flat-on crystals for 
PHBHx (13 mol %) on AO is shown below in Figure 11. 

 
 

 

 

Figure 11. Simplified schematic to illustrate crystal orientation 
profiles in PHB and PHBHx (13 mol %) ultrathin films on gold (left) 
and aluminum (right). Edge-on crystal (yellow) and flat-on crystal 
(blue). 

 
 

On AO, because of a crystallization inhibition effect, the 
formation of flat-on crystals in the confinement layer is 
significantly inhibited. In contrast, polymers on the film surface 
can still crystallize to adopt an edge-on orientation. These early 
developed edge-on crystals may even induce the confinement 
layer to adopt the same edge-on orientation, resulting in an 
edge-on dominated crystal orientation throughout the entire 
film, as shown in Figure 11. Now, let us examine PHB on AO 
(Figure 10B), which was also isothermally crystallized at room 
temperature. The exclusive edge-on orientation for PHB on 
AO is believed to be similar to that for PHBHx (13 mol %) on 
AO, that is, the flat-on crystals in the confinement layer that 
normally form were inhibited because of the crystallization 
inhibition effect of AO. For PHB on Au (Figure 10A), the flat- 
on crystals may be caused by a similar confinement-induced 
flat-on orientation as observed for the case of PHBHx (13 mol 
%) on Au. A second possibility involves a high-temperature- 
induced flat-on orientation. Because PHB crystallizes quickly 
on Au, although the majority of the crystallization occurs after 
cooling to room temperature, crystallization may have already 
begun  during  the  cooling  process.  This  is  supported  by 
observation of a weak intensity peak at 1230 cm−1 in the 2 min 
IRRAS spectrum shown in Figure 1. It is known that a high 
crystallization temperature typically facilitates flat-on lamellar 
orientation.42 Thus, part of the flat-on crystals may originate 
from high-temperature crystallization. 

The scientific insights gained from the current study lie in 
the following points: (1) our results partially answered the 
question raised by Napolitano and Wu ̈bbenhorst22 “in PHB 
ultrathin films sandwiched between two aluminum plates, is 
the crystallization retardation due to a confinement effect or 
the intrinsic AO surface chemistry effect?”. Our work clearly 
showed that the intrinsic chemistry and the disordered 
structure of the AO surface can cause a significant 
crystallization retardation effect; (2) it would not be surprising 
to observe such a crystallization retardation effect if the 
polymer interacts with the AO surface via strong interactions 
such as chemical bonds or strong H-bonds. In our case, 
however,  all  the  evidence  points  toward  a  van  der  Waals 
interaction (the dipole−dipole interaction for PHB/AO), a 
conventionally weak interaction, together with a disordered 
surface that can give rise to such a prominent crystallization 
retardation; and (3) because of the wide use of metal oxide 
materials in the polymer processing industry, it would be 
important to extend the current study to other metal oxides 
and other polymers containing polar functional groups in a 
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more systematic investigation. Our results will provide more 
insights into the design of substrate surfaces so as to tune the 
structure and properties of thin films of semicrystalline 
polymers. 

■ CONCLUSIONS 
In this study, we discovered that an AO flat surface was able to 
retard the overall crystallization rate of the homopolymer PHB 
and random copolymers PHBHx thin films. Because of the free 
nature of one side of the film, the spatial confinement was only 
located in the confinement layer near the region of polymer/ 
substrate interface, suggesting that the retardation effect purely 
originated from an AO surface interaction with the polymers. 
By  performing  Avrami  analysis  on  the  kinetic  profiles, we 
found that the crystallization rate constant k (min−1) for all the 
polymers on AO is approximately 3 to 4 orders of magnitude 
less than that found for the same polymers on gold. No H- 
bond formation between the studied polyesters and an AO 
surface hydroxyl was detected, as indicated by no substantial 
red shift of the carbonyl frequency found for nanolayer aPHB 
on AO. However, the possibility of weak H-bonding 
association cannot be completely excluded. Surface energy 
profile analysis indicated that AO has a polar surface, which 
can   interact  with   PHB/PHBHx  through dipole−dipole 
interactions. A rigid, disordered surface of AO was proposed 
as another critical factor to retard crystallization, and we 
concluded that the retardation effect mainly originates from 
the sum of dipole−dipole interactions between the polymer 
and the disordered nature of AO surface. Both flat-on and 
edge-on orientated crystallites on gold were observed, whereas 
on AO, only edge-on oriented crystallite orientation were 
found. This unique edge-on orientation for PHB/PHBHx on 
AO is most likely due to crystallization of polymers in the 
confinement region where flat-on crystals are inhibited due to 
the polymer/substrate interaction. 
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