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ABSTRACT: The morphology and structure of the bacterial plastics of poly(p-hydroxy
butyrate-P-hydroxyvalerate) P(HB-HV) were studied as well as the reference homopolymer, 
poly(p-hydroxybutyrate) (PHB). Because of bacterial origins they are exceptionally pure. Crys
tallization behavior of them is expected to be almost ideal, so that we can easily infer how the 
minor component (HV) acts within the major component (HB). The solution-grown single crystals 
of PHB and P(HB-HV) showed linear increase in melting points and hyperbolic increase in long 
spacings as the crystallization temperature increased. The HV component in the polymer chain was 
inclined to be excluded outwards as much as possible from the crystal of HB component during the 
crystallization. A small part of the HV component included in the HB component crystal acts as a 
defect, by which small expansion of the a-parameter of the unit cell is mainly caused with increasing 
HV content. The severe effect of the HV component was observed on crystallization characteristics 
and morphological changes. 
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Poly(p-hydroxybutyrate) (PHB) is a bac
teria and an optically active aliphatic polyester 
produced by many types of micro-organisms. 
It was first isolated about 60 years ago by 
Lemoigne1 and subsequent study has shown 
that the polymer serves as an energy and 
carbon storage product. 2 PHB is relatively 
abundant in the environment and may be 
found in a wide variety types of bacteria.3 - 6 

The percentage PHB in these cells is normally 
low, between 1 and 30%, but under control
led fermentation conditions for carbon excess 
and nitrogen limitation, overproduction of 
polymer can be encouraged and yields in
crease to about 70% of dry cell weight.7 In all 
cases the polymer occurs as discrete granules 
within the living organisms and may be ex
tracted from them using a variety of organic 
solvents such as chloroform,8 ethylene dichlo-

ride,9 propylene carbonate/0 and many 
othersY· 12 

The Agricultural Division of Imperial 
Chemical Industries PLC (ICI) has developed 
a pilot scale facility for the production of 
PHB13 and a controlled fermentation for the 
production of poly(p-hydroxybutyrate-P-hy
droxyvalerate) (P(HB-HV)), using a variety of 
feedstocks.14•15 Acetic acid derived from 

HV 

these feedstocks is the building block for PHB 
homopolymer, while the addition of propionic 
acid to the growing culture results in the 
copolymer P(HB-HV). 16 Unlike conventional 
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thermoplastics, there are no catalyst residues 
in these polymers. The products are excep
tionally pure as a result of the biosynthetic 
process and solvent-based extraction and puri
fication procedures. The major impurities are 
inorganic nitrogen, phosphorous and sulphur
containing compounds which are present at 
concentrations less than 200 ppm. 

The crystal structures of PHB and PHV 
have been reported by a very few authors. 17 - 20 

There are surprisingly few published works on 
the physical properties of PHB21 ' 22 and the 
new copolymer P(HB-HV).24' 26 In the pre
vious paper,23 we reported the study on ther
mal analysis and lamellar thickening behavior 
of PHB and P(HB-HV) on annealing without 
solvent. Some thermodynamic constants of 
these polymers were proposed, and it was 
inferred that the HV component cannot crys
tallize at all, and does not have much effect 
upon the lattice indices of the crystal of HB 
component, but has a severe effect upon the 
crystallization characteristics of the copoly
mer. Bluhm et a/.24 have reported that for 
samples of HV content up to 30 mol%, HV 
units are accomodated in the PHB crystal 
lattice by a small lateral expansion of the unit 
cell, while the fiber repeat remains unchanged 
and they concluded the copolymers P(HB-HV) 
to be isomorphic. 

It this paper we present details of our study 
of crystallization in a solvent, comparing with 
the results of the previous paper. Melting 
points and long spacings of these solution
grown crystals of PHB and its copolymer 
P(HB-HV) are studied and the morphology of 
them is examined by means of transmitting 
electron microscopy and structural change is 
estimated from the results of X-ray and elec
tron diffractions. Since the biosynthetic proc
ess had a restriction of HV content in the 
bacterial copolymer less than 30 mol%, we can 
only discuss the influence of the minor (HV) 
component on the thermal behavior, structural 
change and morphology. From the experimen
tal results, we can infer how the minor com-
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ponent (HV) acts within the major component 
(HB). 

EXPERIMENTAL 

PHB and its copolymer used were the same 
specimens as those of the previous paper23 

supplied by ICI. The samples were semicrystal
line powders that had been isolated from 
Alcaligenes eutrophus cultures and precipitated 
from chloroform solution by the addition of 
methanol. 25 The samples were dissolved in 
propylene carbonate (polymer concentration: 
0.01 %) at high temperature, then kept at con
stant temperature from sooc to room tempera
ture as the content of HV component in
creased from .Omol% up to 30mol%, to crys
tallize completely. Here, we use conventionally 
the same quoted compositions of HV content 
as the previous paper,23 although the more 
reliable compositions26 estimated from the 
NMR study may be considerably smaller than 
the quoted ones, whose study is reported 
elsewhere.27 Then the solutions were heated 
up slowly to seed until at the temperature 
where their colour became transparent and 
successively put them into the oil bath at se
lected temperatures, kept constant to within 
± 0.1 oc. After isothermal crystallization for 
24 h (both samples of 17 and 30 mol% HV 
contents were kept for a longer time up to 
a few weeks because of the extraordinary 
slow crystallization rate), it was filtered at 
that temperature and washed with methanol 
to remove the solvent completely. These sin
gle crystal mats were dried, then pressed to 
improve thermal conductivity and remove 
microvoids. 

The melting behaviour of a 3 mg sample was 
studied in a Perkin Elmer differential scanning 
calorimeter DSC-11 at a heating rate of 
10 K min -l under nitrogen atmosphere. Wide
angle and small-angle X-ray scatterings 
(W AXS and SAXS, respectively) were record
ed photographically with the same conditions 
as the previous paper. 23 Electron microscopy 
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was studied putting the sample onto a micro
grid and for the image observation it was 
shadowed with Pt-Pd. 

RESULTS AND DISCUSSION 

DSC curves for the single crystal mats 
of PHB and its copolymers of 3, 8, and I 0 
mol% HV contents which were isothermally 
crystallized at 70ac are shown with curves 
(a-d), and those of copolymers of 17 and 30 
mol% HV contents crystallized isothermally at 
60 and 40oC are shown with curves (e) and (f) 
in Figure I, respectively. All the samples ofHV 
contents up to IOmol% show two melting 
peaks at the lower and the higher tempera
tures. Both samples of 17 and 30 mol% HV 
showed a broader peak with a shoulder at the 
lower temperature. When it was measured 
with a wide range of heating rates from 0.31 to 
80 K min, -t the melting peak at the higher 
temperature shifted to the lower temperature 
and decreased in its area, while that at the 
higher temperature remained almost un
changed in peak temperature and area. This is 
because the peak appearing at the lower tem
perature corresponds to the melting peak of 
the original crystal of the sample crystallized 
isothermally, whereas that at the higher tem
perature is presumed to be mainly caused by 
the reorganized crystal28 formed during the 
heating process. The melting peaks shift to 
lower temperatures and decrease in their peak 
areas as the HV content increases. For com
parison, the broken lines in the figure show the 
DSC heating curves (2nd run) of each melt
quenched sample. Their melting peaks appear 
as almost single peaks. The melting points of 
melt-quenched samples agreed closely to those 
in the previous paper23 which decreased ac
cording to the Flory equation for a random 
copolymer.29 Bluhm et a/.24 have reported that 
these copolymers show steeper depression in 
melting points against more reliable compo
sitions than the above ones, which also implies 
they are statistically random copolymers. 

Polymer J., Vol. 19, No. II, 1987 

0 
"0 
c: 
w 

--------

........... -............. ,,, ....... ----------

100 120 140 
T i'C 

160 180 

Figure 1. Typical DSC heating curves of single crystal 
mats of PHB and its copolymers P(HB-HV). (a), PHB; 
(b), 3mol% HV content; (c), 8mol% and (d), IOmol% 
crystallized at 70°C for 24h; (e), 17mol% and (f), 30 
mol% HV contents crystallized at 60°C and 40oc for 3 
weeks, respectively. The broken lines show DSC heat
ing curves of the respective samples melt-quenched. 

Figure 2 shows DSC heating curves for the 
mats ofPHB and its copolymer (IOmol% HV) 
crystallized at some high temperatures. The 
melting peak at the lower temperature shifts to 
the higher temperature and increases in its 
peak area as the crystallization temperature 
rises, whereas the one at the higher tempera
ture is almost unchanged, but decreases in its 
peak area. This result also supports the as
sumption of reorganization. 

The melting points (Tm) of solution-grown 
samples are plotted against the crystallization 
temperature (Tc) in Figure 3. PHB shows two 
series of melting points, the lower temperature 
series increases almost linearly (along the 
broken line) with increasing crystallization 
temperature, whereas the higher one is rather 
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Figure 2. DSC heating curves for the mats of PHB and 
its copolymer (!Omol% HV content) crystallized at 

several high temperatures as shown in the figure. 

unchanged. Since the latter series of the other 
samples appeared in a manner similar to that 
of PHB (cf Figure 1), we omitted them here. 
The melting point series of the samples with 
HV contents of 3, 8 and I 0 mol% shift to the 
slightly lower temperature (up to ca. 5°C) and 
increase almost parallel to that of PHB as the 
crystallization temperature rises. In the pre
vious paper, 23 the melting points of all samples 
against annealing temperature were almost 
aligned on a line of PHB with a slope close to 
unity. In this study, the slope for samples 
crystallized isothermally in propylene car
bonate, however, is smaller than unity, which 
means that the melting points increase more 
slowly against the crystallization temperature. 
The melting point series of samples of 17 and 
30 mol% HV shift to the lower temperature ca. 
woe and decrease in their gradients with 
increasing HV content, reflecting rather in
complete crystallization of the HB component 
caused by some interruption of the HV com
ponent such as steric hindrance. 

Figure 4 shows typical SAXS photographs 
of single crystal mats of PHB and P(HB-HV) 
(10 and 30mol% HV contents) isothermally 
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Figure 3. Melting points (Tm) of single crystal mats of 
PHB and P(HB-HV) crystallized at the crystallization 
temperature (T,) as shown. 

crystallized at several temperatures. Long 
spacings of all samples are plotted against 
crystallization temperatures in Figure 5. The 
sample shows a hyperbolic curve which shifts 
to the lower temperature as the HV content 
increases. In the previous paper,23 the an
nealed samples showed discontinuous hyper
bolic curves accompanied by jumping steps in 
temperature ranges where the exothermic 
peaks appeared (cf Figure 1). In these tem
perature ranges, the samples showed two long 
spacings, an original long spacing and a thick
er one nearly double the original. This implies 
that the original crystal is difficult to thicken 
smoothly, but can suddenly increase in its 
thickness nearly double the original one. On 
the contrary, the solution-grown samples 
usually show only one long spacing. Since the 
copolymers were crystallized in the solution 
more slowly and completely, they show smoo
ther lamellar thickening curves and less band 
broadening in SAXS patterns. 

The equilibrium melting point T':., estimated 
by the annealing without solvent was pro-
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Figure 4. Typical SAXS photographs of single crystal mats of PHB and P(HB-HV) (I 0 and 30 mol% HV 
contents) crystallized at several temperatures as shown. 

posed23 (e.g., 197°C for PHB and 143oC for 
sample of 30 mol% HV content), which close
ly agreed with T':,. evaluated for solution
grown samples, though this is uncertain be
cause the long spacings against crystallization 
temperatures varied in the range ( 4.4-
9.4nm) narrower than the former case. We 
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cannot estimate T':,.' in a propylene carbon
ate solution from the seeding temperature,30 

but can make a rough estimate as the tem
perature (Tc) where the T':r, intersects an ex
tension line of the T m-Tc curve in Figure 3 
(assuming T m-Tc curve to be linear to higher 
temperatures) as follows; PHB, 155°C; 3 mol% 
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Figure 5. Long spacings of single crystal mats of PHB 
and P(HB-HV) crystallized at the crystallization tem
peratures ( TJ. 

HV content, 151°C; 8mol%, 145°C; lOmol%, 
140oC; 17mol%, 122°C; and 30 mol%, 95°C. 
As shown in Figure 5, we might roughly say 
that all curves of PHB and P(HB-HV) of HV 
content up to 10 mol% can be superposed on 
each other, shifting by the supercooling tem
perature 11T which equals to T':.,'-Tc for the 
most part, except for the higher temperature 
range, while those of samples of 17 and 30 
mol% HV show inferior superposition. As the 
HV content increases, the deviation from the 
PHB curve becomes larger and the rate of 
increase and the maximum of long spacing 
become lower. 

Figure 6 shows typical electron micrographs 
of single crystals of PHB and its copolymer 
(3 mol% HV) crystallized at several high tem
peratures. Some of us have already reported 
the morphologies ofPHB single crystals grown 
at lower temperatures (36-83°C). The crystals 
always appear to have an elongated arrow-like 
shape, although the edges are often quite 
rough (particularly at lower crystallization 
temperatures). In some cases, the crystals ap
pear to have a three-dimensional tent-like 
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structure. PHB single crystals grown at 84°C 
show large arrow-like crystals with relatively 
smooth edges or sides, and a saw-toothed 
short edge is sometimes observed in place of 
the apex of the crystal. The maximum growth 
rate of growth rate of crystallization in pro
pylene carbonate seems to be at temperature 
range around 60-70°C, while that of spher
ulite without solvent was around 80-90°C21 • 

Therefore, predominant growth along the long 
axis becomes less as the crystallization tem
perature increases (above ca. 80°C), which 
results in reduction in crystal size and change 
into rather lath or oblong shapes with inclined 
short sides like a sword. The morphology of 
the sample with 3 mol% HV content essentially 
shows the trend similar to that of PHB. 

Figure 7 shows electron micrographs of the 
samples of the other HV contents (8-30 
mol% HV). The lath-like crystals slightly de
crease in size until the HV content increases to 
around 10 mol%, although the morphological 
characteristics are very similar to PHB. Both 
samples of 17 and 30 mol% HV contents show 
very irregular and small crystals. The sample 
of 30mol% HV content grown at room tem
perature shows small arrow-shaped crystals, 
while that grown at 51 oc shows relatively 
larger and thicker crystals with somewhat 
bumpy surfaces. It is conceivable that it is 
difficult for the HV component to penetrate 
the HB component crystals because the bulki
er side group of HV component causes steric 
hindrance. However, it is impossible to pre
vent some HV units in the copolymer chain 
from penetrating the HB crystals by degrees 
as the HV content increases, which causes the 
lattice strain or distortion in HB crystals and 
results in the morphological irregularity 
during the crystallization. Consequently, both 
samples of 17 and 30 mol% HV contents 
grown at high temperatures show fibrillar or 
lath shaped crystals with bumpy surfaces. 

There are few reports concerning the crystal 
structures of PHB and PHV. The unit cells of 
PHB and PHV are orthorhombic, P212121-Di, 
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PHB 3mol% HV 

PHB 3M 

PHB 3M 

Figure 6. Typical electron micrographs of single crystals of PHB and the copolymer of 3 mol% HV 
content crystallized at some high temperatures as shown. 
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Figure 7. Typical electron micrographs of single crystals of the copolymers of 8, I 0, 17, and 30 mol% HV 
contents at some different temperatures as shown. 
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Figure 8. Electron micrograph of PHB single crystal 
crystallized at 70oC with its electron diffraction pattern 
showing the indexing of the spots inset. 

with a=5.76A, b= 13.20A, and c (fiber 
period)=5.96A for PHB18 and a=9.52A, 
b= 10.08A, and c (fiber period)=5.56A for 
the naturally occurring PHV and two mol
ecules giving a left-handed (2/1) helix pass 
through the unit cell. 31 PHB crystals of synthe
sized racemic polymer give the same X-ray and 
electron diffraction patterns as that of a na
turally occurring polymer; however, PHV 
crystals of racemic polymers give smaller a 
parameter.32 Figure 8 shows an electron 
micrograph of the PHB single crystal crys
tallized at 70°C with its electron diffraction 
pattern with the indexes of the spots. Selected 
area electron diffraction from part of a crystal 
indicates that the crystallographic a-axis runs 
along the long direction of each crystal and 
the b-axis is perpendicular to the long axis 
and the c-axis is normal to the substrate. The 
short edge or side inclined to the long axis is 
frequently observed for samples grown at 
higher temperatures, which is supposed to cor
respond to the (110) plane, while the long 
sides closely correspond to the (010) plane. 
However, if the angle of apex of the arrow 
becomes larger and the long sides deviate 
from the parallelism at relatively low temper
atures (below ca. 70°C), the sides or edges 
along the long axis become rough or saw
toothed (probably alternately composed of 
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two main planes of (110) and (010)). Two of 
us have suggested from the observation of the 
stretched PHB single crystal that the chains 
apparently fold parallel to the long axis of the 
crystals, the crystallographic a-axis. 21 More
over, we can frequently observed square or 
polygonal shaped crystals for the samples 
crystallized at higher temperatures (e.g., 
3mol% HV (108°C) and 10mol% (85°C) in 
Figure 6 and 7). This implies that the pre
dominant growth along a-axis becomes less 
and gradually comparable with that along 
the b-axis as the crystallization temperature 
increases. 

Figure 9 shows typical electron diffraction 
patterns of some copolymers. The spotted 
diffraction pattern of PHB or 3 mol% HV 
changes into the arc-like one composed of the 
aggregation of many spots diffracted from the 
smaller crystals as the HV content increases, 
finally showing almost complete rings for the 
sample of 30mol% HV content. The arc-like 
pattern is caused by change in orientation of 
crystals overlapped each other. Besides, the 
samples of high HV content (i.e., 17 and 30 
mol% HV) show line broadening of the arc, 
which is caused by reduction in crystal size and 
introduction of irregularity. However, there 
are no essential difference in the spacings of 
spots or arcs even for the sample, of 30 mol% 
HV content. Bluhm et a/.24 have reported that 
d spacings from X-ray fiber diffraction dia
grams indicate an expansion of the (110) 
plane of the PHB lattice, while the (020) and 
(002) d spacings are unchanged, leading to 
the conclusion that only the a parameter of 
the unit cell changes, i.e., it increases almost 
linearly from 5.76A (PHB) to 5.96A (20 
mol%) and 6.05A (29mol%). We can rec
ognize similar expansion of the (110) plane, 
from which is evaluated the slightly smaller 
increase in a parameter to 5. 76 A (PHB), 
5.78A (3mol% HV), 5.80A (8mol%), 5.81A 
(lOmol%), 5.85A (17mol%) and 5.90A 
(30 mol%). The (020) spacing of the copolymers 
coincides strictly with that of PHB crystal. 
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3M !OM 

17M 30M 

Figure 9. Typical electron diffraction patterns of the copolymers of 3, 10, 17, and 30 mol% HV contents. 

PHB 30M 

Figure 10. WAXS fiber diagrams of PHB and the copolymer of 30mol% HV content (hot drawn) 
showing the indexing of (020) and (110) spots. 
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This implies that the only HB component can 
crystallize. On the other hand, the HV compo
nent cannot crystallize in it, but remains non
crystalline and acts as a defect because 
the HV unit is copolymerized in a random 
manner in the polymer chain. 23 

Figure 10 shows WAXS fiber diagrams of 
solution-grown samples of PHB and the co
polymer of 30mol% HV content showing the 
indexing of (020) and (110) spots. They were 
obtained by hot drawing to about five (PHB) 
to ten (30mol%) times the original length at 
temperatures just below the melting points 
(highly oriented along c-axis). We can con
clude that there are no changes in the (020) and 
(002) d spacings, and small expansion of (110) 
d spacing, closely paralleling the results of 
electron diffractions. The a parameter esti
mated from W AXS fiber diagrams increased 
linearly as follows; 5. 76 A (PHB), 5. 77 A 
(3mol% HV), 5.79A (8mol), 5.80A 
(lOmol%), 5.84A (17mol%), and 5.89A 
(30 mol%). The expansion of a unit cell for the 
solution-grown samples undrawn is very sim
ilar to that of the hot drawn samples. We 
could also find very similar variation for the 
other samples having the more reliable HV 
content of 20% and 26%, whose a parameters 
are 5.87 A and 5.95 A, respectively. Bluhm et 
a/.24 have proposed that the melting point vs. 
composition curve shows an eutectic-like be
havior and has the minimum point at a com
position near 30 mol% HV units, and that only 
the PHB crystal phase appears below the HV 
content than this point, and the PHV crystal 
phase does above it. Consequently they sup
posed these copolymers are isodimorphic. We 
could confirm the above presumption for co
polymers at lower HV contents. However, the 
HV units are inclined to be excluded outwards 
as much as possible during the crystallization, 
which results in the expansion of the HB 
crystal slightly smaller than that of solution
cast films as reported by them. 24 

In conclusion, it is inferred that the na
turally occurring P(HB-HV) copolymers have 
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a statistically random distribution of com
onomer units.26·27 The equilibrium melting 
points of copolyesters decreased according to 
the Flory's equation for a random copoly
mer23·24 irrespective of sample preparations. 
All the solution-grown samples showed only 
one melting peak in DSC curves and a diffused 
SAXS diffraction, which implies that these 
copolymers have only a single crystalline phase 
of the HB component. Melting points of the 
solution-grown samples increased linearly 
against crystallization temperatures, however, 
the slope became gentler as the HV content 
increased. Long spacings of them increased 
hyperbolically, but the rate of increase and 
the maxima of long spacings also decreased as 
the HV content increased. These results reflect 
incomplete crystallization caused by some in
terruption of the HV component such as steric 
hindrance. Crystallinity of the sample steeply 
decreased with increasing the HV content23 
(cf Figure 1). 

Single crystals of PHB grown at the lower 
temperature showed the elongated arrow-like 
crystal with rough edges. They changed into 
the lath or elongated oblong shape with quite 
smooth edges (frequently accompanied by in
clined short sides) when grown at the higher 
temperature. The copolymer of HV contents 
less than 10 mol% showed the similar trend in 
the morphological variation to that of PHB. 
However, the remarkable changes such as 
reduction in crystal size and introduction of 
irregularity are observed at the high HV 
content more than lOmol% (i.e., 17 and 
30mol%). The HV component in the co
polymer chain is inclined to be excluded out
wards as much as possible from the crystal of 
HB component during the crystallization. For 
this reason, the fold surface or boundary of the 
crystal becomes more irregular (and probably 
thicker) as the HV content increases, which 
causes a steep decrease in the rate of crystalli
zation and incomplete lamellar thickening. It 
also results in strong restriction of further 
lamellar thickening at higher crystallization 

1251 



H. MITOMO, P. J. BARHAM, and A. KELLER 

temperatures. 
We could find only a single crystal phase of 

the HB component by electron and X-ray 
diffractions. Small expansion of only the a 

parameter of the unit cell is observed with 
increasing the HV content, which is caused 
by the occlusion of the HV units in the HB 
crystal. However, solution-grown samples 
showed the expansion slightly smaller than 
that as reported for solution-cast films, 24 

which also supports the presumption that 
the HV units are inclined to be excluded out
wards from the HB crystal. We can make a 
rough estimate for all samples that the mole 
fraction of HV units whthin the HB crystal is 
about half the initial mole fraction, assuming 
the lateral expansion of the unit cell caused 
by the difference between the volumes of 
HB (453.2 A3) and HV (533.5 A3) units 
(probably, both units took laterally distorted 
postures). 31 This is somewhat overestimat
ed because the HV unit can not exist as cry
stalline phase in HB crystals, though further 
study is needed to explain this more precisely. 
Some HV units are statistically occluded and 
act as defects in the HB crystals, which do 
not have much effect on the lattice dimension 
(only the a parameter increases slightly), 
but cause the lattice strain. They result in 
significant depression in the melting point, 
the heat of fusion of the HB component crys
tal24 and the fold surface free energy.23 
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