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ABSTRACT: The kinetics of crystallization induced by
orotic acid (OA) and boron nitride (BN) as nucleating agents
were investigated for bacterial poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate)s (P(HB-co-HH)s) containing from 0 to
18% HH monomer units. The nucleation efficiency of these
two chemicals was investigated by differential scanning cal-
orimetry (DSC) and polarized optical microscopy (POM). It
was found that both orotic acid and boron nitride are able to
nucleate the crystallization of PHB. In the case of P(HB-co-
HH) copolymers, orotic acid showed an outstanding nucle-
ating effect. The comparison of half-crystallization times

shows that for P(HB-co-10% HH), the crystallization initi-
ated by orotic acid is more than three time faster than the
one induced by boron nitride (t1,25n/t1,204(60°C) = 3.7
and ty 28n/t1/204(90°C) = 4.5). According to the fact that
orotic acid is a biodegradable, biocompatible and a nontoxic
chemical, this nucleating agent is a promising solution for
PHAs used in medical applications such as implants. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 114: 1287-1294, 2009
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INTRODUCTION

Due to their convenient physical properties, polymer
materials are useful for a large range of applications.
Because most of these plastics are used during short
periods, biodegradable polymers produced from
renewable resources have been envisaged. For that
purpose, different kinds of polyesters, such as bacte-
rial poly(3-hydroxyalkanoates) (PHAs), have been
intensively studied these last decades. Unfortu-
nately, the most common of these polymers, poly(3-
hydroxybutyrate) (PHB), has two major drawbacks:
its brittleness and its thermal degradation around its
melting temperature.! This brittleness has been
attributed by several research groups to the mor-
phology of PHB crystals (production of large spher-
ulites) and to the secondary crystallization of the
polymer.*™

To solve this problem and to improve the polymer
physical properties, PHA copolymers were investi-
gated. One of the first copolymer studied, poly
(hydroxybutyrate-co-hydroxyvalerate) (P[HB-co-HV]),
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did not show much improvement. In fact, as HB and
HV (3-hydroxyvalerate) monomers are quite similar,
a high crystallinity is observed on the whole co-mono-
mer composition range. This behavior has been
attributed to the co-crystallization (or isodimorphism
phenomenon) of HB and HV monomers.”'® Signi-
ficant improvements were obtained by using 3HH (3-
hydroxyhexanoate) monomers (see chemical structure
in Fig. 1): Doi et al.® reported a decrease of the crystal-
linity from 60% to 18% and an increase of the elonga-
tion at break from 5% to 850%. Unfortunately, the
crystallization of P(HB-co-HH)s containing high HH
contents (>10%) is very slow, which make them diffi-
cult to use in industry. Moreover, it has been shown
that the induction of the enzymatic degradation of
such polyesters requires the presence of a crystalline
phase or a rigid phase. Therefore its biodegradability
will be affected by crystallinity, spherulite morphol-
ogy, and glass transition.""™"*

To improve the morphology of PHAs crystals and
to accelerate the crystallization, nucleation mecha-
nisms have been studied. Barham et al. from the
Universit 5y of Bristol first investigated the nucleation
of PHB™ and P(HB-co- HV)16 with saccharine'>'7/18
and nitrogen compounds. '¥ Later, more conventional

chemicals such as boron nitride or talc®*?? were
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Figure 1 Chemical structure of P(HB-co-HH) and orotic
acid.

shown to have higher nucleation efficiency. The
addition of such nucleating agents increase both
crystallization temperature and crystallization rate,
but some of these components are undesirable in
finished articles that may come in contact with
humans, animals, or the environment; that is why
the nucleating agent must by carefully chosen. More
recently, Inoue et al. from the Tokyo Institute of
Technology have studied green and nontoxic substi-
tution chemicals for the nucleation of PHAs. These
chemicals include cyclodextrins®?* or ligin.> To
date, no nucleants have shown better nucleating
abilities than boron nitride for PHB and its
copolyesters.

In this study, different P(HB-co-HH) samples with
different monomeric unit contents were nucleated
with orotic acid (Fig. 1), a green chemical manufac-
tured in the body by intestinal flora. As far as we
know, the nucleation effect of orotic acid is first
reported in the present work. For comparison pur-
poses, studies on isothermal and nonisothermal crys-
tallization of P(HB-co-HH) copolymers containing
boron nitride and orotic acid were realized.

EXPERIMENTAL SECTION
Materials and sample preparation

The P(HB) homopolymer sample and a series of
bacterial P(HB-co-HH) copolymers with HH unit
content of 5, 10, and 18 mol % were supplied by
Sigma-Aldrich Chemie GmbH (Steinheim, Germany)
and Kaneka Corporation, (Osaka, Japan) (Table I).

All polymer samples were purified by dissolution
in hot chloroform and precipitated in cold ethanol
before use.”® Orotic acid monohydrate and boron
nitride were, respectively, purchased from the Tokyo
Chemical Industry (Japan) and Nacalai Tesque Inc.
(Kyoto, Japan).

Films were prepared via a solvent casting method:
The polymer was first dissolved in chloroform at
60°C under vigorous stirring during 3 h and was
casted on Teflon Petri dishes. The solvent was then
evaporated during 1 day at room temperature. For
the nucleated samples, nucleating agents were dis-
persed by ultrasonication in chloroform and the
purified polymer was added to the solution (the
amount of nucleating agent used for all polymers
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samples was 1 wt %). To create a homogenous mate-
rial, the shift of nucleating agents during the film
casting was reduced by using high polymer concen-
trations (100 g/L). Moreover, chloroform was
selected by a solvent screening method® to have a
good solvent for P(HB-co-HH) copolymers that could
be easily removed by evaporation.

Differential scanning calorimetry

Crystallization kinetics were investigated with Pyris
Diamond differential scanning calorimetry (DSC)
(Perkin-Elmer, Yokohama, Japan) under a nitrogen
atmosphere. For the nonisothermal crystallization,
the 6- to 8-mg samples were melted at 190°C for
2 min to erase thermal history and then cooled to
50°C at the cooling rate of 10°C/min. The tempera-
ture was then held during 1 minute and the sample
was reheated to 190°C at 10°C/min. For isothermal
crystallization, samples were first heated to 190°C
for 2 min and the temperature was rapidly
decreased (100°C/min) to the predetermined crystal-
lization temperature. The temperature was then held
until completion of the crystallization (t > 4t;,,,
where t; /; is the half-crystallization time).

Polarized Optical Microscopy

Polarized optical microscopy (POM) observation of
thin polymer films was performed with an Olympus
BX90 polarizing microscope (Olympus Company,
Tokyo, Japan) equipped with a digital camera. The
thin films were realized by melting the polymer
between the microscope coverslips at 190°C during
2 min and by quenching the sample to the predeter-
mined temperature for isothermal crystallization.
The temperature program was performed with a
Mettler FP82HT hot stage.

RESULTS AND DISCUSSION
Nonisothermal crystallization

Figure 2 shows the DSC thermograms of nonisother-
mal melt crystallization of P(HB-co-HH) copolymers
and their blends with nucleating agents. All the melt

TABLE I
Molecular Weight and Polydispersity of PHB and
P(HB-co-HH)s Used in This Study

HH unit

content M.,
Sample code  Company (mol %) (x 10°Da) M,,/M,
PHB Aldrich 0.0 419 2.85
PHB5HH Kaneka Corp. 5.0 35.5 2.02
PHB10HH Kaneka Corp. 10.0 20.5 2.29
PHB18HH Kaneka Corp. 18.0 28.6 2.40
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Figure 2 DSC curves recorded during nonisothermal melt crystallization at 10°C/min of: (a) PHB, (b) PHB5HH, (c)
PHB10HH, and (d) PHB18HH and their blends with boron nitride (BN, 1 wt %) and orotic acid (1 wt %).

crystallization temperatures (Tm) and the enthalpies
of crystallization (AH,,) are summarized in Table II.
By comparing the results obtained for neat polymers,
it is obvious that only PHB is able to crystallize to a
significant degree during the temperature scan. It has
been shown by Doi et al.” that the degree of crystallin-
ity of neat PHB-co-HH decreases rapidly with the
comonomer content. In this case, the presence of only
5% HH monomer makes the melt crystallization not
visible. On that subject, Chen et al.'' reported that the
crystallization of PHB-co-HH copolymers is too slow
to be observed by nonisothermal crystallization at
10°C/min; some lower cooling rates such as 2.5°C/
min should be used to that end.

These thermograms also show a general enhance-
ment of the crystallization by adding nucleating

agents to the polymer. In Figure 2(a), the crystalliza-
tion peaks of nucleated PHBs shifted to higher tem-
peratures, which indicated a faster crystallization of
the polymer. In addition, the enthalpy of crystalliza-
tion of both PHB containing nucleating agents has
been increased. Considering these two aspects, the
effects of boron nitride and orotic acid on PHB are
very similar. In the case of the copolymer samples,
orotic acid demonstrates a good ability to increase
both crystallization temperature and the degree of
crystallinity, whereas boron nitride shows a much
lower efficiency with copolymers containing more
than 5% HH.

Figure 3 shows the heating scans of P(HB-co-HH)
copolymer and their blends with nucleating agents
obtained after melt crystallization. Table III shows

TABLE II
Nonisothermal Melt Crystallization Temperature and Enthalpy of P(HB-co-HH) at 10°C/min and
Their Blends with 1 wt % of Nucleating Agent

PHB P(HB-co-5%HH) P(HB-co-10%HH) P(HB-co-18%HH)
Nucleating agent ~ Tine (°C)  AHme J/8)  Tme (°C)  AHmc J/8) Tme Q) AHmc (J/8) Tme (°C)  AHmc (J/8)
None 83.0 65.5 None* None None None None None
Boron nitride 119.4 81.0 75.3 40.7 65.5 8.9 None None
Orotic acid 121.4 76.6 93.0 37.5 76.1 38.2 54.8 9.9
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Figure 3 DSC heating scans after the nonisothermal melt crystallization (10°C/min) of: (a) PHB, (b) PHB5HH, (c)
PHB10HH, and (d) PHB18HH and their blends with boron nitride (BN, 1 wt %) and orotic acid (1 wt %).

the cold crystallization temperatures (T..) and the
enthalpies of crystallization (AH..) obtained in these
heating scans. In some of these plots [Fig. 3(b—d)]
cold crystallization peaks could be observed at tem-
peratures higher than glass transition. This behavior
is explained by the fact that the polymer did not
have enough time to complete its whole crystalliza-
tion during the cooling scan. On the opposite, for
the samples shown in the Figure 3(a), the melt crys-
tallization has been fully completed; that is why no
glass transition is observed on the heating scan. By
comparing the scans obtained with or without nucle-
ating agents [Fig. 3(b,c)], it becomes obvious that the
nucleating agents enhance the crystallization rate.
Moreover, the fact that the P(HB-co-10% HH) blend
sample containing orotic acid [Fig. 3(c)] did not

show any cold crystallization proves the higher
nucleating efficiency of orotic acid in comparison
with boron nitride. In the case of P(HB-co-18% HH)
[see Fig. 3(d)], the presence of a glass transition com-
bined with the absence of a crystallization peak sug-
gests that the cold crystallization was too slow to be
observed on a heating scan at 10°C/min. As in the
previous study, the fact that cold crystallization tem-
peratures (Table III) of samples containing nucleat-
ing agents have been shifted to lower values
confirms that the crystallization rate has been
increased.

The double melting peak observed in most of
these cases has been identified in previous studies as
the melting of primary crystals formed in the crys-
tallization process (lower peak) and to the crystals

TABLE III
Cold Crystallization Temperature (T.) and Enthalpy (AH,) of PHB and P(HB-co-HH) at 10°C/min and Their Blends
with Boron Nitride and Orotic Acid (Data Obtained from the DSC Curves Shown in Fig. 4)

PHB P(HB-co-5%HH) P(HB-co-10%HH) P(HB-co-18%HH)
Nucleating Agent  Tec (C)  AHe 0/8) T (O)  AH< (/8) T (Q)  AHL 0/8) T (C)  AHe (/9)
None None* None 62.5 44.3 78.7 23.0 None None
Boron nitride None None None None 52.2 43.7 76.9 13.0
Orotic acid None None None None None None 57.1 5.8
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Figure 4 Typical isothermal crystallization curves

obtained for neat PHB, PHB5HH, and PHB18HH at 70°C.

that recrystallized during the heating.”> According
to the fact that the nucleated PHB shows only one
melting peak, it could be deduced that the perfect-
ness of polymer crystals have been enhanced. On
the contrary, in the nucleated P(HB-co-HH) copoly-
mers, the presence of two melting peaks could be
explained by the fact that HH monomers (the minor
monomer unit) caused imperfect crystals.

Isothermal crystallization

Figure 4 shows the typical isothermal crystalliza-
tion behavior of neat P(HB-co-HH) copolymers.
Jugging from that figure, it is obvious that the higher
the HH monomeric content, the slower the
crystallization.

The kinetic analysis of isothermal crystallization of
the polymer sample has been accomplished by using
the Avrami equation (1).**°° In this relationship,
Xyel refers to the relative degree of crystallinity, k to
the rate constant and 7 to the Avrami index.

1 — Xiel = exp(—k - t") (1)

Xre1 could be evaluated from DSC thermograms
with the following formula:

AH®) .,/ [ dH()
Krel = ; TR di’//o TR dt (2)

If eq. (1) is transformed into the double-logarith-
mic form (3), the equation of a straight line is
obtained, and the parameters k and n could be deter-
mined from the intercept and the slope, respectively.

log[—In(1 — X;a1)] = logk + n logt 3)

The half-crystallization time (t;,2), (time when half
of the crystallization has been completed X, = 0.5),
could also be stated from the parameters k and 7 as
follows:
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For the different polymer/nucleating agent sys-
tems, the Avrami kinetics were evaluated for several
temperatures around the melt crystallization peaks
of the nonisothermal study (Table II and Fig. 2). The
Avrami double-logarithmic plots are shown in Fig-
ures 5 and 6 and the Avrami parameters calculated
from these plots are shown in Table IV. For all the
samples, the different isothermal curves are almost
straight and parallel. The average Avrami index
obtained for the PHB and PHBI1OHH sample are,
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Figure 5 Isothermal Avrami plots of PHB and its blends
with nucleating agents (1 wt %): (a) neat PHB, (b) PHB/
BN, and (c) PHB/orotic acid.
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Figure 6 Isothermal Avrami plots of PHBIOHH and its
blends with nucleating agents (1 wt %): (a) neat
PHB10HH), (b) PHB10HH/BN, and (c) PHB10HH/orotic
acid.

respectively, 3.4 and 3.5, suggesting that poly-
mer spherulites are germinated via combined ger-
mination processes. The half-crystallization times
obtained from these isothermal crystallizations are
plotted against the crystallization temperature in
Figure 7.

The data from Table IV show that for a given
temperature, the Avrami rate constant k is increased
by the addition of the nucleant, indicating that the
crystallization rate has been increased. As it has
been shown for the nonisothermal study, the effi-
ciency of boron nitride and orotic acid are compara-
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ble for PHB. For PHB containing HH monomeric
unit, the orotic acid leads to a much faster crystalli-
zation (example: for P(HB-co-18% HH) at 50°C, koa
~ 4000 kgny)-

The same observation could also be made with
the half-crystallization time, which is much shorter
for the samples nucleated with orotic acid (example:
for P(HB-co-18%HH) at 50°C, the half-crystallization
time obtained with orotic acid is almost four times
shorter than the one obtained with boron nitride).
Moreover, Figure 7 shows that the temperature cor-
responding to the minimum of the half-crystalliza-
tion time decreases when the HH content increases.
This trend is less important for polymers nucleated
with orotic acid, which indicate their faster
crystallization.

Polarized Optical Microscopy

The melt crystallizations of PHB copolymers and
their blends with nucleating agents were further
investigated using a polarized optical microscope. In
these experiments, the PHB, PHB5HH, PHB10HH,
and PHB18HH samples were isothermally crystal-
lized at 90, 80, 70, and 50°C, respectively. Figure 8

TABLE IV
Values of Avrami Parameters, 1, k, and t;, for
Isothermal Crystallization of P(HB-co-HH) Copolymers
and Their Blends with Nucleating Agents

Temperature K t1/2
Sample °Q) N (min™™)  (min)
PHB 70 375 13E+01 043
80 365 57E+00 0.53
90 350 14E +00 0.78
100 2,66 75E —02 218
PHB/BN 110 361 1.6E+ 02 022
120 399 3.6E+00 0.62
130 395 62E —-03 3.15
140 344 29E — 05 17.93
PHB/orotic acid 110 322 29E + 01 0.30
120 294 13E+00 0.75
130 317 1.6E —02 3.18
140 230 92E — 04 17.78
PHB10HH 60 355 1.0E — 03 6.05
70 362 69E —04 6.53
80 344 3.5E — 04 10.50
90 323 25E — 05 23.12
PHB10HH/BN 70 238 11E-02 577
80 231 5.0E —-03 850
90 255 1.2E — 03 12.20
100 333 64E — 05 19.40
PHB10HH /orotic acid 80 331 14E —-01 152
90 373 13E-02 270
100 437 16E — 04 6.38
110 5.82 3.6E — 08 17.10

Values of t;,, were obtained from the plot X, = f(t) at
Xl = 0.5).
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shows these POM micrographs. By comparing neat
samples with the nucleated ones, it is obvious that
the nucleation density has been increased by the
addition of the nucleant. As a consequence, the size
of spherulite is decreased. Moreover, the diversity of
crystal size seems to become narrower by the addi-
tion of the nucleating agent. The sharpness of the
DSC peaks obtained for the nucleated samples under
nonisothermal crystallization confirms this state-
ment. As suggested by the DSC measurements,
whereas the efficiency of boron nitride is deeply
decreasing with the 3HH monomer content, the
orotic acid seems to have a constant nucleating
effect.

It can be seen that the ring spherulitic pattern
tends to disappear when the % HH content
increases. This behavior could be explained by the
fact that HH monomers are excluded from HB crys-
tals and then create some irregularities in the regu-
larly twisted PHB crystals.

The size of the nucleating agent and its disper-
sion in the polymer affect nucleation. In fact, small
nucleant particles tend to create more nuclei. To
get equivalent size, both nucleating agents used in
this study were milled in a ball mill (Retsch MM
200) at 20 Hz during 10 min. The average size of
boron nitride and orotic acid, estimated by optical
microscopy, were between 7 and 15 pm. Moreover,
in Figure 8, nucleating agents seem to be well dis-
persed in polymer; only a few agglomerates were
observed.

(c) PHB10HH (d) PHB18HH

(g) PHB10HH /BN {(h) PHB18HH / BN

(k) PHB10HH / OA

() PHB18HH / OA

Figure 8 Polarized optical micrographs of P(HB-co-HH) copolymers and their blends with nucleating agents after iso-
thermal melt crystallization. [Color figure can be viewed in the online issue, available at www.interscience.wiley.com.]
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CONCLUSIONS

Orotic acid has an outstanding nucleating effect on
P(HB-co-HH) copolymers. The results obtained from
isothermal and nonisothermal crystallization show
that the slow crystallization of P(HB-co-HH) poly-
mers has been accelerated. In comparison, boron
nitride was only able to nucleate P(HB-co-HH)
copolymers with low HH contents. The POM micro-
graphs also show an improved crystalline morphol-
ogy of the polymer: Smaller spherulites and higher
nuclei densities were obtained.

According to the fact that orotic acid is a biode-
gradable and a nontoxic chemical, its use for the
nucleation of a biodegradable polymer is a real
improvement in comparison with commonly used
nucleants that are undesirable in articles that may
come in contact with humans, animals, or the envi-
ronment. Moreover, this biocompatible nucleating
agent has a promising future for PHAs used in med-
ical applications such as implants.

Further studies to investigate the nucleation
mechanism of orotic acid are currently under
investigation.
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