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Abstract

A poly(hydroxybutyrate-co-hydroxyvalerate) with 9% hydroxyvalerate content has been thermally degraded to give a set of materials of
different molecular weights. The effect of molecular weight on the lamellar structure, thermal and mechanical properties was investigated.
The long period, lamellar and amorphous thickness all increase as molecular weight increases; their values vary linearly with 1/(molecular
weight). Observed melting temperatures increase with molecular weight, following the same functional form, while melting enthalpy and
non-isothermal crystallization temperature decrease. Young’s modulus varies by 13% with molecular weight; changes in crystallinity cannot
explain this effect in detail. Ultimate tensile strength increases rapidly with molecular weight and then levels off at 28.5 MPa above 10° g/
mol. This can also be seen as a linear variation with 1/(molecular weight). The strain at the point of ultimate tensile strength also increases
rapidly up to 10° g/mol but then continues to increase at a slower rate. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the past few years, biodegradable polymers have
attracted much attention as a possible solution to the
problems of plastic waste. Poly(hydroxyalkanoates) (PHASs)
represent a family of biodegradable polymers synthesized
by microorganisms under conditions of nutrient limitation
[1,2]. Poly(hydroxybutyrate) (PHB) is the main member of
this family. The most serious drawback of PHB is its
increasing brittleness with time [3,4]. When the fermenta-
tion conditions are carefully controlled, and the bacteria are
grown with combinations of substrates, a variety of PHA
copolymers are produced. These copolymers have much
better physical and mechanical properties than PHB homo-
polymer [5].

Poly(hydroxybutyrate-co-hydroxyvalerates)  (PHBVs)
are the most important PHA copolymers. They have physi-
cal and mechanical properties comparable to conventional
thermoplastics such as polyethylene and polypropylene
[6,7]. A new type of totally biodegradable and environ-
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ment-friendly ‘Green’ composite has been made by combin-
ing natural cellulosic fibers with PHBV [8,9]. Such
composites could be used in many non-critical applications,
such as automobile parts and computer parts, and they can
be easily composted after their life times [8,9].

PHB and its copolymers, like other polyesters, are ther-
mally unstable above their melting temperatures [10,11].
Thermal degradation of these polymers occurs by a non-
radical, random chain scission mechanism involving a
B-CH hydrogen transfer process [10,12]. Grassie et al.
[12—14] have extensively studied the principal features,
products, and reaction mechanisms of PHB thermal degra-
dation. Addition of conventional stabilizers and antioxi-
dants has been found to have no effect on the thermal
stability of PHB and its copolymers [15]. In this paper,
PHBVs with different molecular weights were prepared
through controlled thermal degradation.

Molecular weight is one of the most important factors
governing the properties for a polymer. However, the effect
of molecular weight on polymer structure and properties is a
very complicated issue, and there are few generally applic-
able theoretical predictions [16—18]. Even though PHB and
its copolymers, especially PHBVs, have attracted a wide
interest in the last decade, there has been no complete report
on the effect of molecular weight on their structure and
properties. In this paper, we describe the effect of molecular
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Table 1

Intrinsic viscosity and M,, of PHBVs obtained through thermal degradation

Time (min)

0 1 2 5 10 20 30 40 60
[m] (dl/g) 2.13 1.98 1.69 1.36 1.18 0.77 0.64 0.57 0.43
M,, (kg/mol) 287 262 213 160 134 77 61 53 37

weight on the lamellar structure, thermal and mechanical
properties of PHBVs.

2. Experimental
2.1. Materials

PHBYV without plasticizers was provided by the BIOPOL
business unit of Monsanto in the form of chips. One-mm
thick PHBYV films were formed using a Carver Hot Press at
180 °C under 140 MPa pressure. PHBVs with different
molecular weights were obtained by varying the thermal
processing times under these processing conditions. These
PHBVs all have the same chemical composition with 9%
hydroxyvalerate (HV) content [19]. Intrinsic viscosity was
measured using a Ubbelohde type capillary viscometer.
Weight-average molecular weight, M,,, was calculated
using the following equation [20]

(] = 1.18 x 10 *M27® )]

where [7] is the intrinsic viscosity. Data are presented in
Table 1. The films were removed from the hot press and
quenched into dry ice and acetone. This mixture is at a
temperature much lower than the glass transition tempera-
tures of PHBVs. The quenched films were stored at —5 °C
for long-term stability then annealed at 80 °C for 24 h
immediately before characterizing their properties.

2.2. SAXS measurements

Small-angle X-ray scattering (SAXS) measurements
were made on the F1 beam-line of the Cornell high-energy
synchrotron source (CHESS). The F1 station provides a
high-brightness beam converging to a focus. The conver-
gence angles are 1 mrad in the horizontal plane and
0.3 mrad in the vertical plane, and the peak intensity was
~5x%x 10" photons/(s rnmz).2 The source is tunable, and in
these experiments, 13.63keV photons (wavelength
A =0.091 nm) were used with a collimator of diameter
0.1 mm. Exposure times were 60 s with a sample to detector
distance of 750 mm. To reduce air scatter, a chamber filled
with helium replaced all but a few centimeters of the air
path. The chamber had a beryllium front window and a thin
Mylar rear window. The beam stop was kept in contact with

2 For more details, see http://www.chess.cornell.edu/Facility/
Stations_n_Facilities/CHESS_East/F1_station.htm

the rear window to reduce the effect of wide-angle scattering
from the window material. The detector was a 1024 X 1024
CCD with a 50 mm X 50 mm sensitive area.

2.3. DSC measurements

Thermal analysis was performed using a SEIKO oscillat-
ing differential scanning calorimeter, DSC 220C. After cali-
bration with indium, specimens were scanned from —40 to
180 °C at a heating rate of 10 °C/min for the first run. After
being held at 180 °C for 2 min, the specimens were cooled
down to —40 °C at a cooling rate of 10 °C/min. They were
then reheated to 180 °C at the same heating rate of 10 °C/
min for the second melting run. Glass transition tempera-
tures were obtained from the first run. Melting temperature,
T, was taken as the onset of the first melting peak in both
first and second runs. The melting enthalpy, AH,,, was also
measured on both runs. A non-isothermal crystallization
temperature, T,, was obtained from the cooling run.

2.4. Mechanical testing

Strips with dimensions of 90 mm X 10 mm X 1 mm were
cut from the annealed PHBYV films. Wooden tabs were glued
at both ends of the strips to avoid jaw breaks, leaving a
gauge length of 50 mm. Tensile tests were performed
using an Instron Model 1122 tensile testing machine accord-
ing to ASTM D 3039-92 at a strain rate of 0.04 min".
Average values of ultimate tensile strength and its corre-
sponding strain, and Young’s modulus were calculated
from the stress—strain plots of at least five specimens.

3. Results and discussions
3.1. SAXS analysis

The basic microstructure of the polymer is a stack of
alternating thin crystalline lamellae and thin amorphous
layers. The average thickness of the repeating structure is
called the long period. The size and form of these structures
depend strongly on both molecular structure (molecular
weight, degree of branching, length and distribution of
side chains) and thermal history (cooling rate and crystal-
lization temperature, etc.) [21-23]. SAXS is a very power-
ful tool for probing the detailed microstructure of
semicrystalline polymers. Quantitative analysis of the
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Fig. 1. Profiles of Lorentz-corrected SAXS intensity for PHBVs with differ-
ent molecular weights. (1) 53 000, (2) 77 000, (3) 134 000, (4) 160 000,
(5) 62 000 g/mol.

SAXS patterns gives the long period (L), the lamellar thick-
ness (L.), and amorphous layer thickness (L,).

Fig. 1 shows the Lorentz-corrected SAXS intensity of
PHBVs with different molecular weights. The scattering
peak shifts toward lower angles, lower values of s, with
increasing molecular weight indicating that the long period
increases. s is the magnitude of the scattering vector, s, and
is given by

2 sin 0
s=

- @)

where 26 is the scattering angle, and A is the wavelength of
X-ray source. L, L. and L, associated with the lamellar
stacks were determined from the one-dimensional correla-
tion function, y(z), evaluated from the scattered intensity
I(s) by the following equation [24]

Y2) = Jm 1(s)s* cos(2sz) ds (3)
0

where z is the direction along which the electron density is
measured. The one-dimensional correlation function was
obtained directly by Fourier transformation of the
Lorentz-corrected intensity. As the experimentally accessi-
ble range of s is finite, it is necessary to extend the intensity
to both lower and higher s values. The lower s values were
obtained by linearly extrapolating from the smallest
measured s value to zero. Data at higher s values (s >
0.12 nrn_l) were fitted to Porod’s law [25]. Porod’s law
describes two-phase systems with sharp boundaries, and
gives the relationship between the scattering intensity 1(s)
with s at the limit of large s as

lim (/(s)) = Kps * + B )

B, a residual background term, was subtracted from the
experimental data and the fitted value of the Porod constant,
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Fig. 2. A typical one-dimensional correlation function for PHBV indicating
L = long period, and L. = lamellar thickness.

K, was used to extend the scattering intensity beyond the
data limit of s = 0.12nm ™' as I(s) = K,s .

Fig. 2 is a typical one-dimensional correlation function of
a SAXS pattern from PHBV derived in this way. Based on
the SAXS analysis of PHB and PHBV by Rule and Liggat
[26], L, L., and L, can be determined from the correlation
function curve in Fig. 2. L. is taken to be greater than L,
because of the high crystallinity of the material. Barham
et al. [27] reported crystallinities between 60 and 80%
for PHB and PHBVs from wide-angle X-ray measure-
ments. Fig. 3 shows L, L. and L, as a function of the
molecular weight of PHBV. It can be seen from Fig. 3
that all these three parameters increase as the molecular
weight increases. The value of L increases from 7.73 to
8.31 nm, the value of L, increases from 5.13 to 5.47 nm,
and the value of L, increases from 2.60 to 2.84 nm
as the molecular weight increases from 53 000 to
262 000 g/mol.

Tanzawa et al. [28] studied the effect of molecular weight
on the lamellar thickness of isotactic polystyrene crystal-
lized at high supercoolings from dimethyl phthalate solu-
tion. They found that the lamellar thickness did not depend
on supercooling (at high supercoolings) but increased with
molecular weight. They explained this on the basis of loops
existing in the molecular conformation in solution, finding
by calculation that the length of such loops agreed with the
limiting lamellar thickness and increased with the polymer
molecular weight.

In a more comprehensive study of the melt crystallization
of several polymers, Robellin-Souffache and Rault [16]
found that long period increased with the square root of
molecular weight. The increase in thickness was confined
to the interlamellar region, while the crystal thickness
remained constant and the crystallinity fell. The model for
this was the trapping of molecular coils in interlamellar
regions when distant parts of the same large molecule
began to crystallize in adjacent lamellae. This behavior
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Fig. 3. Effect of molecular weight on the long period, lamellar and amor-
phous thicknesses for PHBVs. (O) Long period, ((J) lamellar thickness,
(X) amorphous layer thickness. The curves are of the form A — B/M,,.

was said to be completely general, and this was supported
by a later study of PEEK [29]. However, all the polymers
studied were homopolymers.

In the present study, where PHBV, a copolymer, was
crystallized from the melt, the long period was found to
increase with the molecular weight, which is in general
agreement with the previous findings [16,28,29]. The long
period, lamellar thickness, and amorphous layer thickness
are similar to those reported by Rule and Liggat [26], who
correlated the morphological parameters with annealing
temperatures and HV contents. The lines that pass accu-
rately through the data in Fig. 3 are of the form A —
B/M,,. That is, the long period and the crystal thickness
both vary linearly with the inverse of the molecular weight.
This is not the functional dependence on molecular
weight predicted for homopolymers [16] but since
copolymerization has its own effect on crystal size
and crystallinity it seems likely that this model would
need modification.

Table 2
Effect of molecular weight on the thermal properties of PHBV
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Fig. 4. Effect of molecular weight on the melting and non-isothermal crys-
tallization temperatures for PHBVs. (O) T;, measured in the first run, ( X)
T, measured in the second run, (0J) 7, measured in the cooling run. The
curves for the melting temperatures are of the form A — B/M,,.

3.2. Thermal analysis

Table 2 shows the glass transition temperature, T, the
melting temperatures, T, and melting enthalpies, AH,,
for first and second heating scans, and the non-isothermal
crystallization temperature, 7., during the cooling scan, of
all the PHBV specimens. The first heating run was to
measure the crystalline structure, including the melting
temperature and crystallinity, formed during the isothermal
crystallization (annealing), while the second heating run
was to measure the crystalline structure formed during the
non-isothermal crystallization.

Fig. 4 shows the plots of melting temperature, T,, for the
first and second runs, and non-isothermal crystallization
temperatures, T, during the cooling run as a function of
molecular weight, MW, of PHBV. It can be seen from
Fig. 4 and Table 2 that the melting temperature increases
from 142 to 146 °C in the first run, and from 142 to 149 °C
in the second run as the molecular weight increases
from 37 000 to 287 000 g/mol. However, non-isothermal

M,, (g/mol) T, (°C) (first scan) T (°C) AH,, (J/g) T. (°C)
First scan Second scan First scan Second scan
37 000 —0.1 142.2 142.1 75.1 79.9 114.6
53 000 -0.7 143.9 145.0 72.3 79.5 114.7
61 000 1.8 144.0 145.0 69.2 71.5 114.7
77 000 1.5 144.1 147.4 68.7 77.2 113.1
134 000 0.7 145.6 148.7 68.7 76.3 112.6
160 000 2.0 146.2 148.5 67.3 76.1 111.6
213 000 1.9 145.6 148.8 66.8 74.3 110.3
262 000 1.9 146.0 149.2 65.4 73.1 110.5
287 000 1.5 145.2 148.7 61.9 73.2 110.6
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crystallization temperature decreases from 115 to 110 °C in
the cooling run for the same specimens. When molecular
weight is above 130 000 g/mol, melting temperatures and
non-isothermal crystallization temperatures seem to level
off.

Since thicker crystals melt at higher temperatures, the
results on melting temperatures in the first heating run are
in general agreement with the lamellar structure derived
from the SAXS analysis. The lines drawn through the melt-
ing temperatures in Fig. 4 are again of the form A — B/M,,.
That is, the melting temperature varies linearly with the
inverse of the molecular weight. Combining this with
the results shown in Fig. 3 leads by simple algebra to the
conclusion that the melting temperature is a linear function
of long period or crystal thickness. Specifically, T, (°C) =
113.3 + 3.9L (nm) or T, °C) = 111.0 + 6.43L, (nm).

Clearly, these empirical equations have a limited range of
applicability; they predict that a crystal of infinite thickness
has an infinite melting point, and that a crystal of vanishing
thickness melts at about 112 °C. Neither of these predictions
can be correct. The conditions used here give a narrow range
of long periods and of melting temperatures well away from
7°. Thus, the true relation between T}, and L may be more
complex, although well approximated as linear over this
narrow range.

The usual equation relating 7}, to L. is thermodynamic,
from the energy balance in equilibrium melting, and is

29T,

Ty =Tn ~ AH,L
flec

®)

where T3 is the melting point of an infinite crystal, 7 is the
fold surface free energy, and AH; is the enthalpy of fusion.
For a single material prepared at different long period, these
parameters are often taken as constant giving a melting
point depressed by an amount proportional to 1/L., T,, =
T? — CIL,.

There is no real discrepancy between these expressions as
the conditions that lead to them are very different—the
same thermal history on a range of different molecular
weights in one case, and the same material crystallized at
different temperatures in the other. Different molecular
weights may be expected to lead to different degrees of
non-equilibrium behavior such as reorganization on melt-
ing, and to different values of the parameters in Eq. (5).

The difference in melting temperatures observed between
the first and second heating runs is due to the difference in
crystallization conditions. The first heating run melts mate-
rial crystallized at 80 °C or below, while the material melted
in the second run crystallized above 110 °C. The low mole-
cular weight material, below 37 000 g/mol, is presumably
able to reach perfection even at the lower growth tempera-
ture. As for the change in re-crystallization temperature, it is
to be expected that the rates of crystallization drop at higher
molecular weight, so the peak crystallization occurs at lower
temperatures on cooling higher molecular weight material.
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Fig. 5. Effect of molecular weight on the melting enthalpies for PHBVs.
(O) AH,, measured in the first run, (O) AH,, measured in the second run.

Fig. 5 is a plot of melting enthalpy in the first and second
heating runs as a function of molecular weight of PHBV.
The lines drawn in Fig. 5 are simply aids to the eye. The
melting enthalpy has an opposite trend to that of the
melting temperature. In the first and second heating
runs, the melting enthalpy decreases from 75.1 to
61.9 J/g, and from 79.9 to 73.2 J/g when the molecular
weight increases from 37 000 to 287 000 g/mol, respec-
tively. As no data on the equilibrium melting enthalpy,
AH,?,, are available for the material used in this study,
PHBV with 9% HV content, crystallinities were not
calculated from the measured enthalpies. However, AHS1
should be reasonably constant, and so the experimental
enthalpy should be a measure of the crystallinity for all
the PHBV samples. These results, therefore, indicate that
crystallinity decreases as the molecular weight of PHBV
increases. The crystallinities are different for the first and
second heating runs. The higher crystallinity for the second
melting is to be expected since the first crystallization took
place at a lower temperature.

In general, the degree of crystallinity depends on several
factors including the chemical structure, molecular weight,
and thermal treatment. Here, the thermal history of the
samples was exactly the same in each run, and the chemical
structure is not affected by the thermal degradation that
reduced the molecular weight [10—14,19]. Differences in
crystallinity of different specimens were produced only by
the molecular weight, that is, at different molecular weights
the same thermal treatment was not equivalent in its effect.
Fig. 5 shows that the effect of molecular weight was much
greater in the material crystallized to a smaller extent at
lower temperature.

It can be seen from Table 2 that molecular weight has
little effect on 7,. There are two ways that molecular weight
can influence the glass transition temperature. Chain ends
are defects and the presence of more chain ends at lower
molecular weight can add more free volume, reducing the
constraints on the chains and reducing 7,. But as discussed
earlier, PHBVs with lower molecular weight have higher
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Fig. 6. Typical tensile stress versus strain plots for PHBVs with different
molecular weights. (1) 37 000, (2) 53 000, (3) 61 000, (4) 77 000, (5)
134 000, (6) 160 000, (7) 213 000, (8) 262 000 g/mol. The starting points
were shifted to have a better identification of the initial parts of the curves.

crystallinity, and more crystals increase the constraints on
the amorphous chains, raising T,. It appears that in the case
of PHBVs the effects largely cancel each other out, and
there is no distinct variation of 7, with molecular weight
for the thermal treatment used here.

3.3. Tensile properties

Fig. 6 presents typical stress versus strain plots for
PHBVs with different molecular weights. Ultimate tensile
strength, o, its corresponding strain, &, and Young’s
modulus, E, were calculated from the plots and averaged
from at least five specimens. The data are summarized in
Table 3. Fig. 7 is a plot of ultimate tensile strength versus
molecular weight that illustrates a strong dependence of o
on molecular weight. At very low molecular weight, PHBV
was extremely brittle and no data could be obtained. This is
the reason why no thermal or mechanical data is presented
for molecular weights below 37 000 g/mol. o increases
rapidly as the molecular weight increases and then levels
off. Increasing the molecular weight from 37 000 to
134 000 g/mol causes an increase of o, from 11.6 to

Table 3
Effect of molecular weight on the tensile properties of PHBV

M, (g/mol) Ous (MPa) E (GPa) Eus (%)
37 000 11.6 (27.12)* 1.4 (3.6) 0.9 (32.4)
53 000 19.9 9.4) 1.5(22) 1.8 (15.7)
61 000 22.7(1.2) 1.5 (1.7) 2.3 (10.9)
77 000 26.6 (6.6) 1.5 (2.1) 3.5(17.8)

134 000 282 (1.2) 1.5 (1.7) 4.5 (4.6)

160 000 28.6 (1.1) 1.5(24) 5.2 (4.9)

213 000 28.9 (1.5) 1.4 (34) 5.4 (2.0)

262 000 28.2 (0.8) 1.3 (2.1) 5.9 (4.8)

* Numbers in parentheses are percentage coefficient of variation.

35— T T T T

0 100 200 300
Molecular wt, kg/gmol

Fig. 7. Ultimate tensile strength versus molecular weight for PHBVs. The
solid line through the data is a fit of Eq. (6) excluding the point at the
highest molecular weight. Above 100 kg/g mol the errors are small, of
the scale of the symbol size, and the dashed line shows that the strength
is constant in this region.

28.2 MPa. Further increase of molecular weight has essen-
tially no effect on o, The reproducibility and thus the
accuracy of the strength measurement are much greater
above 100 000 g/mol.

It can be seen from Fig. 8 that Young’s modulus varies
from 1.5 to 1.3 GPa for PHBVs with different molecular
weights. Young’s modulus is often unaffected by morpho-
logical details, but should be affected by crystallinity.
Crystallinity decreases by 16% as the molecular weight
increases, while the modulus decreases by 13% and this
looks like agreement. But compare the modulus in Fig. 8
to the lower curve in Fig. 5, which tracks the sample crystal-
linity and it is clear that there is no simple or direct relation
between the two. The modulus falls more than the crystal-
linity at high molecular weight, and at low molecular weight
is constant or increasing as crystallinity falls. Clearly other
factors are coming into play, but it is not clear what these
factors are.
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Fig. 8. Young’s modulus versus molecular weight for PHBVs. There is a
decline above 160 kg/g mol, but the change does not match the change in
crystallinity (Fig. 5).
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Fig. 9. The strain at the point of ultimate tensile strength versus molecular
weight for PHBVs.

Fig. 9 is a plot of the strain at the point of ultimate tensile
strength, &, versus molecular weight. As molecular
weight increases from 37 000 to 77 000 g/mol, the
strain increases from 0.9 to 3.5%. Further increase in
molecular weight results in a continuous increase in &g,
but at a slower rate.

The relationship between ultimate tensile strength and

molecular weight of a polymer is a very complicated
issue, and theoretical understanding is difficult. An empiri-
cal equation has been used to describe this relationship
[17,18] for a polymer with number average molecular
weight M,
O ©)
where A and B are constants. This is derived from
considering chain ends, with a concentration propor-
tional to 1/M,, as defects reducing the strength. The
line in Fig. 7 is a fit of Eq. (6) to the data, using our
viscometry-derived My, in place of M, and excluding the
point at the highest molecular weight. It can be seen
that o, and M,, follow Eq. (6) reasonably well, at least
up to a molecular weight of 250 000. Alternatively, the
data can be interpreted as a rapid rise in strength with
molecular weight as the entanglement network becomes
established and the failure mode changes from brittle
to ductile. At higher molecular weights, the strength
becomes constant as the higher ductility shown in
Fig. 9 is balanced by the lower modulus shown in
Fig. 8. The dashed line in Fig. 7 shows this constant
strength value of 28.5 £ 0.4 MPa.

4. Conclusions
Molecular weight has a significant effect on the lamellar

size and the thermal and mechanical properties of PHBV.
For the thermal treatment used in this study, quenching and

annealing, and for molecular weights above 37 000 g/mol,
we conclude the following:

1. The lamellar thickness, the amorphous layer thickness,
the melting temperature and the ultimate tensile strength
of the sample all increase with an increase in molecular
weight. All of these variables can be fitted by an empiri-
cal equation of the form A — B/M,,.

2. The crystallinity, as indicated by the melting enthalpy,
and the non-isothermal crystallization temperature
decrease with an increase in molecular weight.

3. Young’s modulus generally falls as molecular weight
increases, but this cannot be simply explained by the
change in crystallinity. The strain at the point of ultimate
tensile strength increases with an increase in molecular
weight. As the molecular weight increases, the rate of
increase of this failure strain slows down.
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