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Co-crystallization of poly(3-hydroxybutyrate-

co-3-hydroxyvalerate)
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A combined study of X-ray diffraction, differential scanning calorimetry and density
measurements in copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate is presented. It is
shown that the unit cell volume expands linearly with the comonomer content in the polymer.
The reduction in the enthalpy of fusion is interpreted in terms of limited co-crystallization of
the two monomers. The amount of 3-hydroxyvalerate in the crystals has been estimated to be
approximately equal to two-thirds of the total content in the copolymer.

1. Introduction

Poly (3-hydroxybutyrate) (PHB) and its copolymers
with 3-hydroxyvalerate P(HB/HV) are bacterially
produced polymers which show optical activity [1, 2].
These thermoplastics are stored by a wide range of
bacteria as a carbon source; they can be isolated from
the cells by solvent extraction [2]. This interesting
class of biodegradable and biocompatible polymers is
now produced in a large-scale fermentation process by
the Imperial Chemical Industries (ICI) [3] from Alcal-
igenes eutrophus grown in a medium containing pro-
pionic acid and glucose. PHB is a highly crystalline
polymer having an orthorhombic crystal unit ceil.
There are two molecules per unit cell adopting a
conformational left-handed 2 helix [4, 5]. It has been
demonstrated by nuclear magnetic resonance analysis
that the HV and HB units are randomly distributed
along the copolymer chains [6, 7]. While copolymers
with a molar content of HV smaller than 30% exhibit
an expanded PHB crystal lattice [6], those having a
molar content greater than 40% crystallize with a
different unit cell [8]. It has been suggested that the
lower values of brittleness in the copolymers with an
HYV content greater than 12% are due to a reduction
in the difference between radial and circumferential
thermal expansion coefficients of the spherulites [9].
In this work we are restricted to samples with molar
HV concentration values between 0 and 30%. The
analysis of the unit cell expansion observed in this
region is one of the purposes of this paper. It has been
established that the increasing content of HV units
provokes a decrease in the experimental enthalpy of
fusion [7, 8]. However, the crystallinity as measured
by X-ray decreases only slightly [8]. It is our aim to
discuss these observations by combining X-ray, calor-
imetry and density measurements with special refer-
ence to the possible accommodation of HV units into
the PHB lattice.
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2. Experimental results

2.1. Sample characterization

The PHB and P(HB/HV) samples used in this work
were supplied by ICI Biological Products Division
from their “Biopol” range. In order to remove cell
debris all the samples were dissolved in chloroform
and filtered through a 5pum filter. The total HV
content was determined using the optical rotation
technique [10]. For this study the samples were dis-
solved in chloroform at concentrations of ~ 2%
(wt/vol). Optical rotations were measured at 365.5 nm
on a Perkin-FElmer 241 MC polarimeter using a 10 cm
glass microcell thermostated to 29 °C. The total mass
concentration of HV units was calculated using the
expression [10]
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where [a] is the specific rotation obtained from

X (%) (1
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¢

r is the angle of rotation, / the number of decimetres of
solution and ¢ the sample concentration (gcm ~3), The
calculated HV content values are collected in Table 1.
Compression-moulded samples 1 mm thick were
crystallized at 50°C. The crystallization times were
chosen by crystallizing thin samples in a hot stage at
50°C and observing through an optical microscope
the spherulites growing until their final impingement.

2.2. X-ray crystallinity and unit cell

Wide-angle X-ray diffractograms have been obtained
using a Rigaku X-ray powder diffractometer attached
to a conventional Philips generator with a copper tube
operating at 40kV and 40mA. Nickel filtered K;
radiation was detected using a scintillation counter
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TABLET Values of total HV content, X, crystallinity o (measured
using the Ruland method), enthalpy of fusion, AH, and macroscopic

density, p

X (%) « AH(Ig™)  plgem™)
0 0.62 + 0.02 8242 1.241 + 0.001
6 0.59 75 1.230

13 0.57 62 1.220

19 0.52 52 1.212

26 0.47 41 1.203

a (nm)

0.59+

0.58+

0.57

@

Y

i 1

equipped with a pulse-height analyser unit. All sam-
ples had well-defined flat surfaces and were carefully
aligned on the axis of the diffractometer by means of a
thin layer of silicon spread on to the surface. The
position of the different diffraction lines were correc-
ted for sample absorption and thickness, slit diver-
gence and sample planarity [11]. All the above-men-
tioned experimental details have to be considered if
one has to deal with unit cell variations which are
smaller than 0.002 nm. Basal unit cell parameters, a
and b, were obtained from the 110 and 020 main
diffraction lines. The remaining diffraction lines were
neglected because the error introduced by separating
them masks the observed unit cell variations calcu-
lated from the 110 and 020 lines. In order to calcu-
late the unit cell volume, V, one needs a value for the
c-axis. The accurate determination of this parameter is a
difficult matter, due to the low intensity of hk!I (I#0)
reflections. As far as we can tell there is no discernible
variation in the c-spacing of samples with different HV
contents. Indeed we do not expect significant changes
in ¢ because in both PHB and PHV, ¢ is similar and
there is no change in the monomer length on replacing
an HB unit with an HV unit. Accordingly we have
used the standard value of 0.596 nm [4, 12] for the
c-axis. The results of @, b and ¥V are shown in Fig. 1.

Crystallinity, o, of the samples was measured using
the Ruland method [13] with the help of a computer
program FF-CRYST described by Vonk [14]. The
program was adapted to run in a normal PC com-
puter and corrected for use with these polymers. Scans
between 8° and 150° (20) were carried out in the step
mode using the Ross balanced filter method, with
nickel and cobalt, for the monochromatization of the
beam [11]. In order to account for intensity loss due
to the penetration of the beam, three different record-
ing 20 intervals were chosen: 8-35° 32-60° and
55°-150° using divergence and scattering slits of £°, 1°
and 2°, respectively. The calculated crystallinities are
collected in Table 1.

2.3. Density and enthalpy measurements
Macroscopic densities, p, were measured at 25°C by
the flotation method in aqueous KBr solutions. The
obtained values are presented in Table 1. Melting
endotherms of the samples were obtained with a DSC-
4 Perkin—Flmer differential scanning calorimeter at a
heating rate of 10 °C min~!. Experimental enthalpies
of fusion were determined from the area of the thermo-
grams using a data station. All these values are collec-
ted in Table 1.
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Figure I Basal unit cell parameters, @ and b, and unit cell volume, V,
as a function of the total amount of HV comonomers in the
polymer.

3. Discussion

Perhaps the most striking feature of the P(HB/HV)
system is the fact that it exhibits a high crystallinity at
high comonomer content [8]. This behaviour which is
confirmed by the data in Table I clearly implies a high
degree of incorporations of comonomer within the
lattice (always provided that the copolymers are truly
random). The argument is strengthened by our obser-
vation of a significant linear decrease in the AH values
with the increasing HV content which is, of course,
only to be expected when there is a high degree of
disorder present in the crystals. Thus it is very import-
ant to know the comonomer content of the crystals
themselves and not just of the whole polymer. A
similar problem has been addressed in the past by one
of us (J.M.S)) in isothermally melt-crystallized poly-
ethylene (PE) containing alkyl branches [15-18]. The
unit cell expansion [15] and the parallel increase in
lattice distortions [16] with the increasing number of
branches were interpreted in terms of an accommoda-
tion of a fraction of branches within the crystals. The
calculations led to an inclusion of branches close to
20% of the total amount of branches in the polymer



[15]. Further calculations based on statistical con-
cepts confirmed this result [17]. Later studies on
quenched PE proved again the increase in lattice
distortions [19] with branching, and the parallel lin-
ear decrease of the enthalpy of fusion of the crystals
£20].

In this work we will follow a similar approach. First
of all we must consider in more detail the unit cell
behaviour of the different copolymers. Fig. 1 shows
the variation of the unit cell parameters with the HV
content. It can be clearly seen that the increase of the
total HV content produces a linear expansion of the
unit cell volume. The b-axis expands more rapidly
than the a-axis at HV content lower than 15%. In this
region both axes show a nearly linear expansion.
However, for higher HV values the b-axis expansion
becomes less pronounced. The absolute values of the
a- and b-axes are close to those reported by Kunioka
et al. [8] although the systematic increase of the unit
cell axis shown in our paper is not clearly observed by
these authors. This discrepancy might be due either to
the HV determination or to a proper calculation of the
crystallographic axis. A direct method to estimate the
amount, X, of HV units which are incorporated into
the PHB lattice is to assume that the copolymer lattice
has a mean volume given by averaging between the
extreme values corresponding to the PHB and PHV
unit cells (data for the PHV unit cell are available
elsewhere [8]). This approach is also based on the
crystallographic structure of solid solutions where the
unit cell varies linearly with the atomic percentage of
the solute (Végard’s law) [21]. Thus the percentage
value of HV units included in the lattice can be
estimated from the expression

XX _ VBV B VB (3)
¢ Vy — Vg
where Vgy, V3 and Vy are the unit cell volumes of the
copolymer and the PHB and PHV homopolymers,
respectively. The calculated XX are collected in
Table II.

A relationship between molar crystallinity and
molar mass of HV units in the crystal, for cases where
the average molar mass of HV units in the crystal and
amorphous phases differs, has been developed by
some of us previously [22]. Using this approach and
taking from this reference the experimental values of
amorphous density for the samples used in this work,
we have obtained the molar mass of HV comonomers
included in the crystal phase, X¢, with the specific

TABLE II Values of total HV content and crystal HV content
calculated from density, X¢, and X-ray, X%, measurecments as
described in the text. We estimate the error in measurement in each
case to be of the order of 5%.

X (%) X2 (%) X3 (%)
0 — -
6 39 42

13 8.2 9.2

19 135 133

26 184 16.7
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Figure 2 Enthalphy of fusion of P (HB/HYV) crystals as a function of
HYV content.

crystallization conditions employed in this work. The
X¢ values are collected in Table II.

One can clearly see the excellent agreement between
the values of X, obtained from both methods. It is
noteworthy to indicate that the ratio X /X is approx-
imately constant for all the samples. This means that
the percentage amount of the HV units which are
accommodated into the PHB lattice is constant and
equal to two-thirds of the total HV content in the
polymer.

We are now in a position to see how AH? varies
with the HV content in the crystals. From the experi-
mental values obtained for the enthalpy of fusion and
the crystallinity data derived from X-rays, one can
calculate the enthalpies of fusion for infinite crystals,
AH®. In Fig. 2 these values are plotted against the
average values of X calculated by the two methods
described above. Such data are readily interpreted
using the Sanchez-Eby model [23]. In this model they
derived the following expression for the enthalpy of
fusion as a function of the comonomer content, X,

AH(X) = AH® —eX, (4)

where AH® is the enthalpy of fusion of the pure
homopolymer. This leads us to a AH® decrement of
2.642J g~ ! per defect. An interesting point to raise
here is that if we were to extrapolate the AH%(X ) to
an HV content of ~ 50% we could observe that AH®
would take a zero value. This means that there is a
very high penalty incurred by the incorporation of an
HYV unit in the HB lattice which nevertheless does not
prevent the occurrence of high crystallinities, as shown
in Table 1.

4. Conclusions
Two independent methods based on sample density
and crystallinity and on the expansion of the crystal’s
unit cell with increasing HV content have been used to
determine the HV content of copolymer crystals. The
excellent agreement between these two methods gives
us confidence in the conclusion that the concentration
of HV in the crystals is only two-thirds that of the
whole sample.

The inclusion of HV units as defects in the PHB
lattice causes the observed unit cell expansion and a
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large reduction in the enthalpy of fusion of the crys-
tals. The energy excess per defect calculated using the
Sanchez—Eby model is 2.642J g !. This is a large
energy and suggests that the enthalpy of fusion of a
PHB lattice crystal containing 50% (corresponding to
a sample HV content of 75%) would tend to zero, thus
rendering it unstable. In practice, at sample HV con-
tents greater than ~ 45% the copolymers preferen-
tially crystallize into the PHV lattice.
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