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ABSTRACT: The effect of aging on the mechanical properties was investigated for a series of bacterial copolyester
poly(3-hydroxybutyrateso-3-hydroxyhexanoate) [P(3HBe-3HH)] with 3HH molar fraction ranging from 5 to

18 mol %. The mechanism behind the aging phenomenon was studied by using gel permeation chromatography
(GPCQ), differential scanning calorimetry (DSC), wide-angle X-ray diffraction (WAXD), and small-angle X-ray
scattering (SAXS) in parallel to the tensile testing. It was found that the high initial crystallinity and the narrower
amorphous region in the P(3H&-3HH) films are the key factors that cause the secondary crystallization in the
aging process to embrittle the films of copolymers with 3HH fraction lower than 10 mol %. For the copolymers
with 3HH fractions higher than 10 mol %, because of the intrinsically lower crystallinity and thicker amorphous
region, the secondary crystallization cannot affect the mechanical properties significantly.

Introduction 3HH) decreases steeply with the increase of 3HH molar

i 14-16
With the increasing concern of human society to environ- fraction:
mental and energy problems, the family of microbially synthe- ~ P(3HB) and P(3HE:0-3HV) are known to undergo secondary

sized polymers poly(hydroxyalkanoates) (PHAs) have been crystallization, which reduces the number of polymer chains in
attracting more and more attention in both academic and the amorphous phase, resulting in a detrimental embrittlement
industrial fields due to their complete biodegradability and the ©f the materials”™ It was believed that P(3HBe-3HH)
renewable carbon resources used to produce #feRuly(3- copolymers containing longer s_|d_e ch_a_ln 3HH comonomers that
hydroxybutyrate)(PHB) is the first found one of the PHA farhily ~ d0 not cocrystallize would exhibit minimal secondary crystal-
and can be produced by a wide range of bacteria, but it is rigid 1zation and, hence, no significant aging effect. However, it was
and stiff because of the high crystallinity and big-size 'ePorted thatthe P(3HBe-3HH) copolymers with 3HH molar
spherulite$~¢ PHB is also thermally unstable during the fraction ranging from 2.5 to 8.1 mol % exhibited the typical
conventional melt processing due to the high melting temper- SI9NS of polymer aging phenomenon, the elongation was reduced
ature’ To improve the overall physical properties of PHB, PHAs and the strength was increased after 11 days of room-
containing over 125 types of monomers have been synthesized€mperature agin§. Because the aging phenomenon is con-
in different microorganism&.The copolymers show a wide _cerned with the practical appllcablllty of polymer_s, itis Qfgreat
range of physical properties depending on the chemical structure!MPOrtance o carry out a systematic study on it. In this work,
of the comonomer units as well as the comonomer composition. the aging phenomenon of P(3HE-3HH) copolymers with
Poly(3-hydroxybutyrateo-3-hydroxyvelerate) [P(3HRBo- W|de_r 3HH molar fraction ranging from 5 to 18 mo! % was
3HV)] is the first commercialized bacterial copolyester under studied, ant_j efforts_ also hav_e been contributed to Investigate
the trade name of Biop8IBut P(3HB<o-3HV) shows an un- the mechanism behind the aging phenomenon of this copolymer.

usual phenomenon of isodimorphism, i.e., due to the similarity
in the shape and size between the 3HB and 3HV units, they
can incorporate into the crystal lattice of each other, and cause  Materials and Sample Preparation. A series of bacterial
high crystallinity over the entire range of comonomer composi- P(3HB-€0o-3HH) samples with 3HH molar fractions 5, 7, 10, 12,
tion.12-12 Due to the isodimorphism, the properties of P(3HB- 2nd 18 mol %, respectively, were kindly supplied by Kaneka
co-3HV) are not significantly improved in comparison to those Corporation, Osaka, Japan. The P(3E@3HH) films were

..~~~ prepared by solution casting from their chloroform solutions using
of P(3HB) homopolymer. The 3-hydroxyhexanoate unit with Tofion petri dishes as casting surfaces, allowing the solvent to

medium length side groups was incorporated into the molecular gy aporate at room temperature for 1 day and then drying €40
chain of PHB to attain more desirable properti&s® It was in vacuum for 1 day to remove the residual solvent. After that the
reported that the crystallinity of poly(3-hydroxybutyrate-3- first day’s measurements were performed, and the remained films
hydroxyhexanoate)s [P(3HBs-3HH)s] was decreased from  were aged in vacuum oven at room temperature.

60% to 26%, and the elongation to break increased from 5% to  Tensile Test.Tensile properties were measured at room tem-
850% with the increase of 3HH molar fraction from 0 to 17 perature using an EZ test machine (Shimadzu Corp., Tokyo, Japan).

mol %214 Furthermore, the melting temperature of P(3e@®-  The gauge length and crosshead speed were 22.25 and 20 mm/
min, respectively. The sample thickness was ca. 0.1 mm. At least

five samples were tested and the average was used.
Gel Permeation Chromatography (GPC). Variation of the
molecular weight distribution was investigated by gel permeation

Y. . .
*Research & Development Group, Performance Polymer Division, Chromatography at 25C, using a Tosoh HLC-8020 system with
Kaneka Corporation. TSK GEL G2000HxI and GMHXxI columns. The concentration of
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Figure 1. Stress-strain curves of (A) P(3HRB:0-5 mol % 3HH), and (B) P(3HRB:0-7 mol % 3HH) films after different periods of aging. The
aging times, in days, are indicated in the curves.

Table 1. Effect of Aging on the Material Properties of P(3HB€o-3HH) Samples

aging period tensile strength elongation crystallinity heat of Ty
sample (day) (Mpa) to break (%) (%) fusion (J/g) (°C)
P(3HB-0-5%3HH) 1 12.8 163.6 4165 69.2 -5.3
7 19.6 12.7 4455 71.6 —43
30 22.4 8.6 475 725 1.2
60 23.6 6.5 47.%5
P(3HB-0-7%3HH) 1 15.3 3814 39.25 66.7 -5.0
7 19.7 195.2 4125 69.1 -3.4
30 19.2 96.8 4585 71.5 -1.4
60 20.2 73.4 46.5 72.9 N.D.
P(3HB-0-10%3HH) 1 14.9 469.9 305 58.2 —6.4
7 147 456.4 34.%5 61.4 -5.9
30 17.2 451.9 35.%5 61.8 —6.2
60 15.1 387.8 3525 66.1 -5.8
P(3HB-c0-12%3HH) 1 20.1 579.5 3045 52.4 -6.9
7 219 573.3 32.&5 54.1 —6.2
30 21.9 561.3 36.85 57.2 —6.2
60 22.9 549.1 375 57.7 -6.3
P(3HB-c0-18%3HH) 1 12.7 660.5 2545 45.7 -8.1
7 13.4 650.4 27.45 48.6 -8.0
30 14.7 650.6 31.%5 52.7 —8.0
60 13.9 538.2 29.35 54.2 -7.9

aN.D.: not detected.

the samples in chloroform is 1 mg/mL, and the injection volume is samples was summarized in Table 1. For both P(3ig-mol
100uL. Chloroform was used as the eluent at a flow rate of 1.0 % 3HH) and P(3HBeo-7 mol % 3HH) copolymers, with the
mL/min. The polystyrene samples with low polydispersity were increase of aging period, the elongation to break was decreased
used to make a calibration curve. and the tensile strength was increased. For P(888-mol %

Wide-Angle X-ray Diffraction (WAXD) and Small-Angle 3HH), the initial elongation to break and tensile strength were
X-ray Scattertlng (SAXS) l\élea?urem%r}ts.\livAéLljD 2%? S,?XS . 163.6% and 12.8 MPa, respectively. However, after aged at
measurements were carried out on a Rigaku RU-200 system using ’ : ’
nickel-filtered Cu K radiation ¢ = 0.154 nm) operated at 40 kv 100M temperature for 7 days, the elongation to break decreased

and 200 mA. The WAXD patterns were recorded in tifer@nge to 12.7%, and the tensile strength increased to 19.6 MPa. After
of 5-60° at a scan speed of 1.0min. The percentage of aged at room temperature for 30 and 60 days, the elongation to
crystallinity was calculated from diffracted intensity data according break further decreased to 8.6 and 6.5%, and the tensile strength
to Vonk’s methoc?® SAXS profiles were recorded in thé2ange increased to 22.4 and 23.6 MPa, respectively, reflecting the
of 0.1-3.4°. Each step increaseddy 0.004, and X-ray was  pronounced effect of aging on the mechanical properties. For
collected for 20 s at each step. P(3HB-co-7 mol % 3HH) copolymer, the initial elongation to
Differential Scanning Calorimetry (DSC). DSC measurements  preak and tensile strength were 381.4% and 15.3 MPa,
were carried out on a Seiko DSC-220 assembled with SSC-580 respectively. But after 7, 30, and 60 days of room-temperature
thermal controller. An 810 mg sample was encapsulated in an aging, the elongation to break dropped to 195.2, 96.8, and

aluminum pan. The DSC thermogram was recorded fralf0 to . . ;
+190°C at a heating rate of 16C/min. The value of enthalpy of 73.4%, respectively, and the tensile strength increased to 19.7,

fusion (AH) was calculated from the area of the endotherm peak. 19-2, and 20.2 MPa, respectively.

The glass transition temperaturg; was taken as the summit of The stressstrain curves of the P(3HBe-10 mol % 3HH),

the peak of the differentiated DSC (DDSC) curves. P(3HB-c0-12 mol % 3HH), and P(3HR0-18 mol % 3HH)

films stored at room temperature for different periods are shown

in Figure 2. For all the three samples, 60 days room-temperature
Tensile Test.The stressstrain curves of the P(3HBe-5 aging did not show any significant effect on the mechanical

mol % 3HH) and P(3HBz0-7 mol % 3HH) films stored at room  properties comparing to the copolymers with 3HH molar

temperature for different periods are shown in Figure 1. The fractions 5 and 7 mol %. With the increase of aging period, the

effect of aging on the material properties of P(3ld&3HH) elongation to break was decreased a little, and the tensile

Results
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Figure 2. Stress-strain curves of (A) P(3HR:0-10 mol % 3HH), (B) P(3HBe0-12 mol % 3HH), and (C) P(3HBo-18 mol % 3HH) films after
different periods of aging. The aging times, in days, are indicated in the curves.

strength increased slightly. As summarized in Table 1, the initial
elongation to break for P(3HBe-3HH) copolymers with 3HH
fractions 10, 12, and 18 mol % were 469.9%, 579.5%, and

660.5%, respectively. After being aged at room temperature for
60 days, the final elongations to break for these copolymers
were 387.8%, 549.1%, and 538.2%, respectively. The values

of percentage reduction of elongation to break for these

copolymers were 17.5%, 5.0%, and 18.5%, respectively, while

those of the copolymers with 3HH fractions 5 and 7 mol %

were 96.0% and 80.8%, respectively. The values of percentage
reduction of elongation to break was calculated by the equation

AL% = (Li — Ly)/L; x 100%, wherel; and L; indicate,
respectively, the initial elongation to break and the final

elongation to break after being aged at room temperature for

60 days.
GPC Analysis. Because P(3HBo0-3HH) is a kind of

biodegradable and also hydrolyzable copolyester, there is a

possibility that the embrittlement is related to a drop in molecular
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Figure 3. Molecular weight distribution revealed by GPC measure-

weight. However, GPC measurements revealed that after 60 daydnents for the P(3HE:0-3HH) initial samples and those after aged at

of aging, no noticeable changes in the average molecular weight

as well as molecular weight distribution were detected for all
the P(3HBeo-3HH) copolymers studied in this work, as shown
in Figure 3. The number-average molecular weights of the
P(3HB-co-3HH) copolymers having 3HH molar fractions 5, 7,
10, 12, 18 mol % were 1.6& 1P, 1.24 x 1%, 0.92 x 10°,
2.17 x 10°, and 1.89x 10, respectively, and the polydisper-
sities were 1.79, 2.24, 1.51, 1.93, and 1.76, respectively.
WAXD and SAXS Measurements.WAXD measurements
were performed to study the crystal form and estimate the
crystallinity of P(3HB€o-3HH) samples. Figure 4A shows the
WAXD diffraction patterns of the P(3HBo-3HH) samples in
the first day of aging. Only the crystal form of P(3HB) was
observed for all the samples with 3HH molar fraction ranging
from 5 to 18 mol %. The X-ray crystallinity of P(3HBe-3HH)
samples with 3HH molar fractions 5, 7, 10, 12, and 18 mol %

room temperature for 60 days. The 3HH molar fractions in the samples
are indicated in the curves.

were 41.6, 39.9, 30.1, 30.7, and 25.1%, respectively. With the
increase of aging period, the crystal form did not show any
noticeable variation. The crystallinity of the samples as a
function of aging time is plotted in Figure 4B. At all the times,
the crystallinity of the P(3HRB:0-3HH) with 3HH molar fraction
higher than 10 mol % is much lower than that of the P(3HB-
co-3HH) with 3HH molar fraction lower than 10 mol %.
However, for all the samples, the crystallinity increases with
almost the same trend with the increase of aging time up to 30
days, and then it remained almost constant, indicating that the
secondary crystallization occurred in all the samples in the first
30 days of room-temperature aging.

The long periods of P(3HBo-3HH) were determined by
analysis of the SAXS patterns. Figure 5A shows the SAXS
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Figure 4. (A) WAXD patterns of P(3HBeo-3HH) samples in the first
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47(sin 0)/4, where@ is half the scattering angle aridis the
wavelength of the radiation. The long period (Lp) can be
determined by Lp= 27/0max Wheregmax is theq value at the
maximum SAXS intensity. In Figure 5A, for P(3H&3-3HH)

with 3HH fractions of 5, 10, and 12 mol %, thg,ax values
were 0.98, 0.89, and 0.79 n respectively, corresponding to
the Lp value of 6.4, 7.1, and 8.0 nm, respectively, indicating
that the long period increases with the increase of 3HH fraction.
Considering that the incorporation of noncrystallizable 3HH unit
into the copolymer leads to the decrease in lamellar thickHess,
the increase of the long period with the increase of 3HH molar
fraction indicate the excess increase of the amorphous thickness
than the decrease of lamellar thickness. This result is consistent
with that obtained earlier with the aid of two-dimensional
Fourier transform infrared spectroscopy (2D FTIR) analysis that
the amorphous phase is preferentially formed, whereas the 3HH
units are gradually inserted into the random copolymer, and the
incorporation of the high fraction of 3HH units into the
copolymer chain serves not only as a simple addition of the
inert noncrystallizable component but also as an effective means
to destroy the crystal structure of this copolyrer.

Figure 5B shows the SAXS patterns for the P(3E{B5 mol

% 3HH) films aged at room temperature for different periods.
No significant variations can be detected over aging period of
60 days, indicating that the morphology including lamellar
thickness and amorphous thickness were not changed with the
increase of aging period. This result is the same for all the other
samples investigated. The same results were also observed in
the early work on PHB. The authors suggested that the constant
morphological structure throughout aging specifies secondary

crystallization as simple perfection processes in the crystalline
amorphous interface at the expense of the amorphous layer, e.g.,

day of aging. (B) The variation of X-ray crystallinity for the P(3HB-
co-3HH) samples as a function of aging period. The 3HH molar
fractions in the samples are indicated in the curves.
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Figure 5. (A) SAXS patterns of P(3HR:0-3HH) samples in the first
day of aging. (B) SAXS patterns for the P(3H®-5 mol % 3HH)
copolymer after different periods of aging.

patterns for the P(3HBo-5 mol % 3HH), P(3HBeo-10 mol
% 3HH), and P(3HBz0-12 mol % 3HH) films in the first day
of aging. The scattering vector magnitude is definedqby

the rearrangement of loops in the fold regidnFor the
copolymer P(3HBe0-3HH), the crystalline-amorphous inter-
face in this copolymer should be mostly constrained by the
noncrystallizable 3HH units. In the previous work of Abe et
al. 2! it was also shown that the isothermal crystallization at
elevated temperatures leads to the increase of both the long
period and the lamellar thickness in PHB and P(3¢B3HV),

but for P(3HB€0-8 mol % 3HH), the lamellar thickness just
showed a slight increase that was in the range of experimental
error, while the long period increases significantly, indicating
that the noncrystallizable 3HH unit restricts the increase of
lamellar thickness. Therefore, one possible explanation for the
P(3HB-c0o-3HH) copolymer is that the secondary crystallization
mainly occurs in the interlamellar amorphous region. However,
because the amorphous region is comparatively rich in 3HH
units with longer side chains entangled with each other, the
crystallization of the 3HB unit only leads to some very tiny
crystals which do not lead to any variation in the SAXS patterns
but put a tight constraint on the amorphous chains in the
interlamellar region.

DSC Measurements.DSC measurements were performed
to investigate the variation of glass transition temperature and
enthalpy of fusion with the increase of aging period. Figure 6
and Figure 7 show the DSC thermograms of P(3¢tB3HH)
copolymers aged at room temperature for different periods. The
DDSC curves at glass transition region are also inserted. For
all the samples, the melting temperature did not show any
significant change with the increase of aging period. As
summarized in Table 1 and Figure 8A, the enthalpy of fusion
of all the samples increases with the increase of aging period,
with the similar trend to the crystallinity variation calculated
from WAXD patterns. The DDSC curves of P(3H®-5 mol
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Figure 6. DSC thermograms of (A) P(3HBe-5 mol % 3HH) and (B) P(3HB:0-7 mol % 3HH) after different aging period. The DDSC curves
at glass transition region are also inserted above the corresponding DSC curves.
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Figure 7. DSC thermograms of (A) P(3HBe-10 mol % 3HH), (B) P(3HBe0o-12 mol % 3HH), and (C) P(3HBo-18 mol % 3HH) after different
aging period. The DDSC curves at glass transition region are also inserted above the corresponding DSC curves.

% 3HH) and P(3HBeo-7 mol % 3HH) showed a broad peak at decreases much more significantly than the other copolymers
the glass transition region and the peaks shifted to higher with 3HH fraction higher than 10 mol %, though both the
temperature side with the increase of aging period. After 60 crystallinity calculated from X-ray diffraction patterns and the
days aging, the peaks in the DDSC curves at the glass transitiorenthalpy of fusion measured by DSC showed a similar increas-
region became not detectable in the first heating scan for bothing trend for all the copolymers investigated.

copolymers. The DDSC curves of P(3HB-3HH) copolymer ) ]

with 3HH fraction of 10, 12, and 18 mol % showed a clear Discussion

peak at the glass transition region and the peak position showed In the early worki”18 de Koning et al. found that the

a little shift to the higher temperature side within the first 7 embrittlement of PHB is caused by the secondary crystallization
days aging, and then kept almost constant. The glass transitiomafter their initial crystallization from melt. The secondary
temperature taken as the peak top of DDSC curves werecrystallization seriously constrains the amorphous phase, and
summarized and compared in Table 1 and Figure 8B. In Figure hence promotes the embrittlement of PHB. In this work, all the
8B, it is clearly shown that the glass transition temperature of copolymers investigated show the evidence of secondary
P(3HB-co-3HH) copolymer with 3HH molar fraction 5 and 7  crystallization, both the crystallinity calculated from X-ray
mol % increases much more steeply than that of the P(3HB- diffraction patterns and the enthalpy of fusion measured by DSC
co-3HH) copolymer with 3HH molar fraction 10, 12, and 18 showed a similar increasing trend with the increase of aging
mol %, indicating that the mobility of the amorphous region of period for all the copolymers investigated. However, the
the copolymers with 3HH molar fraction lower than 10 mol % embrittlement occurred only in the copolymers with 3HH
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Figure 8. (A) Variation of the enthalpy of fusion for the P(3H&>-
3HH) samples as a function of aging period. (B) Variation of the glass
transition temperature for the P(3H®-3HH) samples as a function

of aging period. The 3HH molar fractions in the samples are indicated
in the curves.

fraction lower than 10 mol %. Comparing the difference among
these copolymers investigated, we can notice that the initial
crystallinity of the copolymer with 3HH fraction lower than 10
mol % is apparently much higher than that of the copolymer
with 3HH fraction higher than 10 mol %, indicating that the
constraints imposed on the amorphous chains by the crystal
are initially much larger in the copolymer with 3HH fraction
lower than 10 mol % than in the copolymer with 3HH fraction
higher than 10 mol %, the ability of the amorphous phase to
dissipate energy is initially much lower in the copolymer with
3HH fraction lower than 10 mol %. SAXS measurements also

S
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%, evidenced by the steep increase of glass transition temper-
ature. As a consequence, the material embrittles. However, for
the copolymer with 3HH fraction higher than 10 mol %, though
the increasing trend of crystallinity is similar to that of the
copolymer with 3HH fraction lower than 10 mol %, the
secondary crystallization cannot put such a tight constraint on
the amorphous region between the crystals because these
copolymers have much lower initial crystallinity and thicker
amorphous region. The amorphous region can keep the high
mobility even after the formation of some tiny crystals in it, as
evidenced by the slight increase of glass transition temperature,
and the secondary crystallization cannot lead to significant
mechanical effects.

Conclusions

The embrittlement of P(3HBo-3HH) with 3HH fractions
ranging from 5 to 18 mol % were studied, and the mechanism
behind this phenomenon was investigated. It was found that
the high initial crystallinity and the narrower interlamellar
amorphous region are the key factors that made the secondary
crystallization leads to drastic mechanical effects on the
copolymer with 3HH fraction lower than 10 mol %. Because
of the lower initial crystallinity and the thicker interlamellar
amorphous region, the secondary crystallization have less effect
on the mechanical properties of the P(3d®3HH) copolymers
with 3HH fractions higher than 10 mol %. This emphasizes the
importance of solid-state structures including the crystallinity
and the morphological structures on the mechanical properties
and aging phenomenon of polymers.
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