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Abstract : Poly({3-hydroxyoctanoate-co-3-hydroxyundec-10-enoate)s, PHOUs, with various amounts
of unsaturated side chains were produced by Pseudomonas oleovorans from mixtures of 10-undece-
noic acid and sodium octanoate. The amount of unsaturated unit in copolymers was established by 'H-
NMR analysis and the results indicate that the amount of olefin in the carbon source directly correlates
with the amount of unsaturated unit in the copolymer, PHOUs. For the PHOU samples with
unsaturated pendant unit, thermal properties such as the glass transition temperature (T,), melting
temperature (T,) and heat of fusion {AH,) tend to decrease as the amount of unsaturated unit in the

copolymer increases.

The onset and maximum decomposition temperatures as measured by

thermogravimetric analysis did not change significantly for the PHOUs with various unsaturation.

Introduction

A wide variety of microorganisms produce poly-
(3-hydroxyalkanoate)s, PHAs, as intracellular
energy and carbon storage materials. Alcaligenes
eutrophus and Pseudomonas oleovorans have
been investigated most extensively among the
microorganisms capable of producing PHAs.'® A,
eutropus produces PHAs with relatively short
chain substituents whether grown on short or
long chain carbon sources. P. oleovorans, on the
other hand, can only produce PHAs when grown
on carbon sources with at least 6 carbons. The
produced PHAs contain relatively long pendant
groups. This difference in pendant group length
results in different material behavior, from
thermoplastic to elastomeric behavior. In addition
to producing PHAs with long alkyl groups, P.
oleovorans can also utilize many functionalized
organic substrates to produce PHAs with func-
tional groups. Up to now, production of PHAs
with various functional groups such as olefin,*®
halogen(chlorode,” fluoride,*® bromide'!), cyano'
groups has been reported. Among above
functional PHAs, a particularly interesting func-
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tional PHA is one containing unsaturated groups.
PHAs containing unsaturated units have potential
for a wide range of applications such as bio-
degradable water-soluble polymers, elastomers,
hydrogels, and adhesives by various reactions.
PHAs with unsaturated pendant units were first
reported for the growth of P. oleovorans with
1-alkenes.* The PHAs contained significant
amounts of saturated repeating units (40~60
mole%), presumably were produced by hydro-
genation of unsaturated substrate in the cell. PHAs
containing unsaturated units have also been
produced from 3-hydroxyalkenoic acids such as 3-
hydroxy-7-octenoic acid and 3-hydroxy-6-
octenoic acid.® The fractions of the unsaturated
repeating units in these PHAs were higher than
those in the PHAs produced from alkenes, but
significnat amounts (20~35 mole%) of saturated
repeating units were still found in the polymers.
Recently, PHAs” with a broader compositional
range of unsaturated units were produced by P.
oleovorans grown with mixtures of 10-undece-
noic acid and nonanoic acid. Although alkenes or
hydroxyalkenic acids have been shown to
produce the repeating units with unsaturated
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pendant groups, PHAs produced from nonanoic
acid and 10-undecenoic acid have advantages in
that 1) the unlimited unsaturated unit contents,
up to almost 100 mole%, could be introduced
and 2) the yield of polymer produced is higher
than those of the PHAs from alkenes or hydro-
xyalkenoic acids. Using mixed carbon source of
sodium octanoate with 10-undecenoic acid to
produce PHAs with low unsaturated repeating
unit content (0~30 mole%), Gagnon et al.'*¥
reported that the 10-undecenoic acid as co-substra-
te would facilitate the incoporation of a small
amount of olefin in the copolymer directly corre-
ponded with mixed carbon source in the feed.

Poly(3-hydroxyoctanoate-co-3-hydroxyundec-
10-enoate}s (PHOUs) has the reactive vinyl group
located at the terminus of the pendant chain when
P. oleovorans is fed a mixture of sodium octa-
noate and 10-undecenoic acid as shown below.

In the present study, PHOUs with overall
compositional range of unsaturated U units were
produced from the wvarious mixtures of 10-
undecenoic acid with sodium octanoate, and the
changes of physical properties of PHOUs by the
inclusion of unsaturated U units were investigated.

i i
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Experimental

PHOU Biosynthesis. PHOU production
experiments were carried out as follows. A New
Brunswick microfermenter using a 12L glass
fermentation tank was used for all biosynthesis.
The concentration of the carbon sources in the
growth medium was 20 mM. Cells were harvested
when the growth reached the stationary growth
phase after 24-48 hours depending on carbon
source mixtures (sodium octanoate/10-undecenoic
acid, mole ratio=100/0, 95/5, 90/10, 85/15, 75/25,
50/50, and 0/100). The crude polymer was dis-
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solved in chloroform and reprecipitated by
addition to cooled methanol with rapid stirring.

Polymer Characterization. All molecular
weight data were determined by gel permeation
chromatography in THF using a solvent delivery
system with a WYATT/OPTILAB 903 differential
refractometer detector and three Polymer Labs
PL 5 um gel mixed columns. A 1 mL/min THF
flow rate was used. The molecular weight and its
distribution were based on polystyrene standards.
'H-NMR and “C-NMR spectra were obtained on
a Bruker AC-200 or on a Bruker DPX-300 NMR
Spectrometer in CDCl; solution. The polymer
concentration for 'H-NMR spectroscopy was 10
mg/mL, and the spectra were run using an angle
90°, a pluse width of 4.3 us, and a delay time
of 5 sec, and the spectra were referenced to
tetramethylsilane. The polymer concentration for
PC-NMR spectroscopy was 30 mg/mL, and the
spectra were run using a pluse angle of 90°, a
pluse width of 6.3 psec, and a delay time of 5
sec. The peaks were referenced to chloroform.
Differential scanning calorimetry was conducted
using a TA Instruments 2910 (DuPont Co.). The
temperature scale of the instrument was
calibrated with mercury and indium. Samples
were tested from -80 to 100°C in a nitrogen
atmosphere at a heating rate of 10°C/min. The
glass transition temperature (T,) reported was at
the inflection point. The melting temperature (T..)
reported was the peak temperature. PHOU
samples were stored in a refrigerator(4 °C) for 2
weeks before DSC measurement. DSC thermo-
grams were obtained from the first heating cycle.
Thermogravimetric analysis was conducted using
a Simultaneous Thermal Analyzer (Rheometric
Scientific Co.). TGA was conducted in a nitrogen
atmosphere from 50 to 600°C at a heating rate
of 10°C/min. Maximum and onset degradation
temperatures were reported.

Results and Discussion

PHOU Production. The biosynthesis of PHOU
with controlled unsaturated unit content was
accomplished by proportional mixing of two
carbon source:sodium octanoate and 10-
undecenoic acid. The dry cell vield, PHOU yield,
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PHOU content in the dry cell obtained from P.
oleovorans grown with various mixtures of
sodium octanocate and 10-undecenoic acid are
given in Table I. The polymer content (wt%) in
biomass for mixed carbon cultivations were in the
range of 21-25% of the dry cell weight, and
when 10-undecenoic acid was used as a sole
carbon source, the amount of polymer isolated
from the cells was 17 wt%. These values were
somewhat lower than those reported’ for mixed
carbon source of nonanoic acid with 10-
undecenoic acid.

PHOU samples with nine different compositions
biosynthesized were characterized: 100/0, 95/5,
91/9. 86/14, 78/22, 73/27, 66/34, 50/50, and 6/

Table L. Production of PHOUs from Sodium
Octanoate and 10-undecenoic Acid
as the Carbon Sources

ggﬁi‘c’;‘ Dry Cell PHOU  PHOU Fermentation
) Yield Yield Content Time
OCT o) @b wes  (hours)
UNDJ* g g wt% ours
100:0 231 0.60 26 24
95:5 2.24 0.57 25 28
90:10 209 0.45 22 30
8515  1.98 0.41 21 32
7525 206 0.50 24 35
50:50 198 0.43 22 40
0:100 210 0.34 17 48

“Values are the mole ratio of sodium octanoate (OCT) to
10-undecenoic acid (UND).

Table II. Molecular Weights and Unsaturated Group
Contents of PHOUs

Unsaturated
Polymers Group M, M, PDI®
(mole%)*

PHO 0 83,000 207,000 25
PHOU(95/5) 5 145,000 326,000 2.2
PHOU(91/9) 9 108,000 238,000 2.2
PHOU(86/14) 14 90,000 223,000 25
PHOU(78/22) 22 109,000 248,000 2.3
PHOU(73/27) 27 106,000 254,000 24
PHOU(66/34) 34 117,000 251,000 21
PHOU(50/50) 50 126,000 272,000 22
PHOU(6/94) 94 102,000 246,000 24

“ Determined from 'H-NMR.
® Polydispersity index.
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94, where the first number indicates the molar
percentage of saturated O units and the second
number the molar percentage of unsaturated U
units. The unsaturated U units content, the mole-
cular weight and distribution of biosynthesized
PHOU samples are list in Table II. The molecular
weight and its distribution of PHOUs did not
be affected significantly by the inclusion of
unsaturated U units as shown in Table Il. Figure
1(a) shows a typical ‘H-NMR spectrum of PHOU
with unsaturated U content of 22 mole%. The U
unit content was determined from the ratio of the
integration of peak h to peak e on 'H-NMR
spectrum of polymer as shown in Figure 1(a).
The carbon signals corresponding to the U units
in PHOU also appeared at 115 and 139 ppm on
¥C-NMR spectrum in Figure 1{b).

The total mole fraction of U repeating units in
the PHOUs was plotted with respect to the
fraction of unsaturated unit (10-undecenocic acid)
in the carbon source mixture in Figure 2. Two to
five fermentations were conducted for each
carbon source mixture. The result indicates that
the amount of unsaturated unit in the mixed

topmy

1]
Figure 1. (a) 'H- and (b) ®C-NMR spectra of PHOU(78/22).
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Figure 2. Plot of unsaturated units in PHOUs vs. unsatu-
rated units in carbon source mixture.

carbon source directly correlates with the amount
of U units in the copolymer on the overall
composition range. Therefore, the PHOUs with
controlled unsaturated repeating units could be
biosynthesized by changing the composition of
mixed carbon source.

Thermal Transitions of PHOUs. The change
of glass transition temperatures (T,) for PHOUs
with different U units is included in Table IIl. The
T, decreased steadily from -33°C (PHO) to -50°C
(PHOU(6/94)) as the amount of unsaturated U
content in the copolymer increased, since the
length of the pendant groups generated by the
10-undecenoic acid are longer than that by
octanoate. The most common relation used to
predict T, of a copolymer is the DiMarzio and
Gibbs equation,™* which assumes that T, depends
only on the relative amounts of comonomer and

the T,s of homopolymers according to the
following relationship.
Tg=nTy,+n,T, {1)

where n; and n. are the mole fractions of O and
U units, respectively, in the PHOU; T,, T, and
T, are the glass transition temperatures of the
PHOU, and corresponding homopolymers, PHO
and PHU (PHO and PHU are copolymers with
three different pendant lengths,”® respectively, but
it is possible to treat like a homopolymer by
classifying comonomer unit as saturated O unit
and unsaturated U unit). As shown in Figure 3,
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Figure 3. Plot of T, vs. n, according to DiMarzio and Gibbs
equation.

the variation of T, of PHOU copolymer followed
very closely to the prediction of this simple rule.
The experimental T, values are extrapolated to
-51°C as the T, value of PHU in agreement with
the value (-50°C) for copolymer with U unit of 99
mole% reported by Kim et al.’

Melting temperature (T,) also steadily
decreased from 62 to 54°C as the amount of U
unit in the copolymer was increased from O to 34
mole%, and melting peaks disappeared as more
U units were incorporated in the PHOU as seen
in Table IIl. These results can be explained by the
changes in copolymer compositions, which are
caused by the incorporation of higher number of
repeating units and longer length of pendant
groups. These changes in copolymer composition
disrupt the crystallization to reduce the heat of
fusion (Table IlI). Wide angle x-ray diffraction

Table IIl. Thermal Characteristics of PHOUs

Polymers T,(°C) T.(°C)  HJd/g) T.{°C)
PHO -33 62 24 291
PHOU(95/5) -35 59 20 294
PHOU(91/9) -36 58 17 -
PHOU(86/14) -35 58 17 -
PHOU(78/22) -38 56 16 298
PHOU{66/34) -40 54 11 293
PHOU(50/50) -42 - - 295
PHOU(6/94) -50 - - 297

“Maximum decomposition temperature on TGA thermo-
gram under Nj.
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(WAXD) and “C-NMR studies reported that PHO
was approximately 30% crystalline.® The crys-
tallinities of PHOUs may be expected to be in the
range of 0~30%. But PHOUs containing U unit
above 50 mole% do not crystallize at all, even
though they were crystallized in a refrigerator (4 °C)
for two weeks. The combination of a T, below
room temperature and a low degree of crys-
tallinity imparts elastomeric behavior in this
copolymer at room temperature, in which the
crystalline regions act as physical crosslinks.

For the compositions containing less than 34
mole% U units, the observed melting points of the
PHOUs can be predicted by using the Flory
equation for melting point depression.’® The
dependence of melting temperature on the fraction
of crystallizable units in a random copolymer is
given by

/Ty —1/Tn=—RIn(X, )/ AH,, (2)

where AH, is the enthalpy of fusion per mole of
repeating units, R is the universial gas constant,
T. is the melting point of the copolymer, T.° is
the melting point of PHO, and Xs is the mole
fraction of O units in the copolymer. Figure 4
shows the plot of reciprocal melting temperature
(1/T.) vs. -In(Xs). The value of AH, derived from
slope of this plot was 8 J/g. This value was
significantly smaller than AH.(24 J/g) observed
on pure PHO from a DSC measurement. It is
known that higher values of AH, than those
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Figure 4. Plot of 1/T,, vs. -InX;; according to Flory equa-
tion.
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derived from the Flory plot are quite common.
Thermal Stability of PHOUs. The thermal
stability of PHO copolymer was found to be
analogous to that of poly(3-hydroxybutyrate),
PHB, homopolymer.”” Thermal decomposition
occurs in a single step at temperature above 270
°C. The maximum decomposition temperatures
(T...) were approximately 295°C for all PHOU
samples (Table IlI). The maximum and onset
thermal decomposition temperature, did not vary
significantly between PHOU samples. These
results for PHOUs are in agreement with results
reported for poly(3-hydroxybutyrate-co-4-hy-
droxybutyrate), P(3HB-co-4HB), copolyesters by
Scandola et al.” It is well known that the thermal
degradation of PHAs containing PHB proceeds
exclusively via a random chain scission mechanism

R /O H\
5
oL
Scission by B-elimination
P ]
— CHy—C + H=—CH——C—0O wwwwwwww
\O

Figure 5. Proposed mechanism of thermal degradation for
PHAs.
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Figure 6. TGA and DTG thermograms of PHOU(6/94)
sample.
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involving a six-membered ring transition state
{B-elimination) as depicted in Figure 5. The
thermal decomposition of PHOU samples occurred
in a single step above 270 °C as shown in Figure 6.
Therefore, we can assume that the degradation
of PHOUs follows the above degradation
pathways.
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