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Abstract

Poly(3-hydroxyalkanoate)s (PHAs) are a class of polymers receiving attention
because of their potential as renewable, biodegradable and high-technology prop-
erties. Unlike most short chain length (scl) PHAs such as poly(3-hydroxybutyrate)
(PHB), medium chain length (mcl) PHAs such as poly(3-hydroxyoctanoate) (PHO)
exhibit low crystallinity and are elastomeric in character. PHB-b—PEG-b—PHO
block copolymers can combine both properties in block copolymer matrix. In this
study, we report the synthesis of the block copolymers combining the PHB and
PHO blocks. Transamidation reactions of PHB with polyethylene glycol with pri-
mary amine yield equimolar amounts and PHB with amine ends. PHO reacts with
the modified PHB containing the amine end to give PHB-b—PEG-b—PHO block
copolymers. Structural analysis of the products was performed by using 'H—, 13C,
heteronuclear single quantum coherence NMR techniques. Thermal and mechanical
properties of the block polymers were also evaluated.

Keywords Poly(3-hydroxyalkanoate) - Poly(3-hydroxy butyrate) - Poly(3-hydroxy
octanoate) - Poly(ethylene glycol) - Transamidation

Introduction

Poly(3-hydroxyalkanoate)s (PHA)s are a class of polymers receiving attention

because of their potential as renewable, biodegradable and high-technology proper-
ties. Scl-PHAs are too rigid and brittle. In contrast, mcl-PHAs are elastomeric but
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have very low mechanical strength. Therefore, for packaging materials, biomedi-
cal applications, tissue engineering and other specific applications, the physical and
mechanical properties of microbial polyesters need to be diversified and improved
[1-7]. Their high hydrophobic character limits the use in drug delivery systems.
The preparation of block copolymers containing hard and soft segments represents
an efficient way to engineer thermoplastic materials. The improvement of their
mechanical properties and hydrophilic character is still a main challenge for the pol-
ymer scientists [8—15]. For example, carboxylic end group of PHO was reacted with
PEG of various molecular weights with amine end to synthesize block copolymers
composed of PHO and PEG [16]. The transesterification catalyzed in the melt was
used to produce diblock copolymers of poly([R]-3-hydroxybutyric acid), PHB, and
monomethoxy poly(ethylene glycol), mPEG, in a one-step process. Bacterial PHB
of high molecular weight is depolymerized by consecutive and partly simultaneous
reactions: pyrolysis and transesterification. The formation of diblocks is accom-
plished by the nucleophilic attack from the hydroxyl end group of a mPEG molecule
catalyzed by bis(2-ethylhexanoate) tin [17]. Poly(3-hydroxyoctanoate) (PHO) films
were treated with plasma and then treated with acryl amide solutions in order to
prepare films with surfaces that contained different amounts of amide groups [18].
Sparks and Scholz synthesized cationic PHA by the reaction of the pendent epoxi-
dized double bonds with diethanol amine [19]. We have recently attached pendant
poly(N-isopropyl acryl amide) onto the unsaturated medium chain length PHA via
RAFT technique [20]. Thiol-ene click reactions were also used in the synthesis of
amphiphilic microbial polyester [21, 22]. Dai et al. [23] reported the synthesis of
block copolymers derived from PHB and PHO oligomers via enzyme catalyzed
polycondensation.

In a recent work [24], novel poly(ester-urethane) block copolymers were syn-
thesized by use of telechelic hydroxylated poly-[(R)-3-hydroxyoctanoate] with a
number-average molecular weight (M,)) of 2400 as the amorphous soft segment, tel-
echelic hydroxylated poly-[(R)-3-hydroxybutyrate] (PHB-diol) with a M, of 2600
as the crystalline hard segment and L-lysine methyl ester diisocyanate (LDI) as the
junction unit. Reaction of the PHO-diol, PHB-diol and LDI at a ratio of 1:1:2 in the
presence of dibutyltin dilaurate as catalyst afforded the PHO-b-PHB block copoly-
mers [24]. PHB-PHO block copolymers can be also synthesized by the fermentation
using Escherichia coli. PHA copolymers comprising 3HB and 3HHx were produced
by fermentation of wild-type Aeromonas hydrophila using lauric acid as described,
and a strain of Ralstonia eutropha genetically modified to express the PHA synthase
gene from Pseudomonas fluorescens GK-1317 [25-27]. Elastomer block copolymer
synthesis using ring opening polymerization from their related lactones was also
reported [26]. In addition, PHB—PHO block copolymer synthesis via hydroxyl-car-
boxylic acid condensation reaction or anionic polymerization was reported [28-30].

In this study, the synthesis of a series of block copolymers of PHB, PEG and
PHO via transamidation reaction is reported. PHB was reacted with polyethylene
glycol with two primary amine terminals in order to obtain PHB with one primary
amine end. PHB with primary amine end was then reacted with different amounts
of PHO to prepare a series of PHB-b—PEG-b—PHO block copolymers. The products
obtained were characterized in detail.
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Results and discussion

Novel PHB-b—PEG-b—PHO block copolymers were obtained from brittle PHB and
elastomeric PHO blocks via transamidation reactions. In the first step, reaction of
PHB with PEG with two amine terminals resulted in PHB with an amine terminal
derivative: PHB-PEG amide (PHB-b-PEG-NH,). Fractional precipitation was used
to purify PHB-PEG diblock copolymer. White solid PHB-PEG diblock copolymer
was obtained in medium yield (ca. 50 wt%). Table 1 shows the results and the syn-
thesis conditions of the PHB-b-PEG block copolymers in different reaction times at
110 °C. (Weight ratio of PEGNH,/PHB =1, while molar ratio is 234, as taken M,
values.) 'H NMR spectra of the PHB-b-PEG block copolymers are seen in Fig. 1.
Characteristic PEG signals were observed in all 'H NMR at §=3.75 ppm. PHB con-
tents of the diblock copolymers were varying in range from 6.5 to 13 mol% with
changing reaction time, as listed in Table 1. Longer polymerization times cause
higher PEG inclusion in block copolymer but lower molar mass of the product.
Because of the increase in PEG content in longer polymerization time, water uptake
of the block copolymers increases.

PEG content in the PHB-b-PEG diblock copolymers was calculated as PEG mol
content % from their '"H NMR spectra. PHB contents of the diblock copolymers
were varying in range from 6.5 to 13 mol%, as listed in Table 1. When compared the
M, of the precursor (187,000 g/mol), dramatic decrease in molecular weight of the
diblock copolymer was observed. M, of PHB-b-PEG oligomers was in range from
3760 to 7240 g/mol. Clearly, PHB is degraded fast during the amidation reaction in
the presence of PEG-NH,.

PHB derivatives with amine terminals were then reacted with PHO to obtain
PHB-b—PEG-b-PHO block copolymers. The reaction steps for the synthesis of the
block copolymers were shown in Scheme 1. For the amidation reactions, a series
of the mixtures of the PHB-b-PEG and PHO were prepared as 0.1-0.5, 0.2-0.5,
0.3-0.5 and 0.5-0.5 g, respectively. As taken the molar masses as 12,200 g/mol for
PHB-PEG-3 and 171,000 g/mol for PHO, the molar ratios of the mixtures were
2.8, 5.60, 8.42 and 14.1, respectively. Then, the block copolymers were coded as
PHB-b-PEG-b—PHO (01-05), PHB-b—PEG-b—PHO (02-05), PHB-b—PEG-b—-PHO
(03-05), and PHB-b—PEG-b—PHO (05-05).

Table 1 Results and the synthesis conditions of the PHB-b-PEG block copolymers in different reaction
times at 110 °C

Code PEGNH,/ Reaction PEG M,x10°D  M,x10°D PDI  Water
PHB (mol/ time (h) content* Upt.
mol) (mol%) (Wt%)

PHB-PEG-1 234 1 6.5 7.24 19.4 2.68 14

PHB-PEG-2 234 2 10.0 5.79 10.3 1.78

PHB-PEG-3 234 3 9.0 5.64 12.2 2.16 42

PHB-PEG-5 234 5 13.0 3.76 6.40 1.70 71

*Calculated from "H NMR spectra
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Fig.1 'H NMR spectra of the PHB-b-PEG block copolymers; a PHB-b-PEG-1, b PHB-b-PEG-2, ¢
PHB-b-PEG-3, d PHB-b-PEG-5

The products obtained in the reaction steps were all characterized by NMR tech-
nique. Characteristic PEG signals of the triblock copolymers were observed in all
'H NMR spectra at §=23.7 ppm. PEG contents in the triblock copolymers were cal-
culated as PEG mol content % from their NMR spectra in range from 0.5 to 2.1,
which are listed in Table 2.

The transamidation reaction of the PHB — b-PEG with PHO resulted in
PHB-b-PEG-b-PHO block copolymers. Reaction conditions and GPC results are
seen in Table 2. The molar masses of the triblock copolymers were changing from
96,000 to 123,000 g/mol, while that precursor PHO was 87,000. Block copolymers
had the higher molecular weight than the precursor PHO. This increase in the molar
mass also confirms the amidation reaction. The GPC chromatograms can be seen in
SI—Figure 1 in Supporting information.

Structural analysis of the block copolymers was performed using FT-IR and 'H
and heteronuclear single quantum coherence (HSQC) NMR techniques.

The characteristic signals of the block copolymers are observed in FT-IR spec-
tra in Fig. 2. Signals of C=0O (ester carbonyl) and -C—O- (ester and ether C-O
bonds) can be seen at 1730 and 1100 cm™', respectively. C=O stretching band of
amide groups was rarely seen in a tiny signal at 1650 cm™' because there is only
two —CONH groups in a very big polymer chain. For example, polymer chain with
M, 97,000 g/mol contains only two amide groups. So, FT-IR spectra of the products
confirm the strong ester groups and very weak amide carbonyl. Because of this, the
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Scheme 1 Schematic designs of the synthesis of PHB-b—PEG-b—PHO block copolymer

Table 2 Synthesis of PHB-b—PEG-b—PHO block copolymers at 95 °C

Code Ratio of PHB-b-  Content in M,x10° (D) M,x10°(D) PDI  Water
PEG-3/PHO (mol/ copolym. (mol%) Upt.
mol) PEG (Wt%)
PHO (control) 872 171 1.967 1.41
PHB (control) 187 467 2.500 0.67
PHB-b-PEG-b— 2.8 0.5 103 177 1.718 11
PHO (01-05)

PHB-b-PEG-b— 5.6 0.9 96.0 170 1.010
PHO (02-05)

PHB-b-PEG-b— 8.4 1.6 98.1 178 1.815
PHO (03-05)

PHB-b-PEG-b- 14 2.1 123 188 1.526 17
PHO (05-05)
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Fig.2 FT-IR spectra of the PHO and block copolymers obtained: a PHB, b PHO, ¢ PHB-b—PEG-b—PHO

further structural characterization was carried out using '"H NMR and HSQC NMR
techniques.

"H NMR spectra of the triblock copolymers are seen in Fig. 3. Characteristic sig-
nals were observed. PEG contents of the diblock copolymers were also calculated
from their spectra. The characteristic signals were all signed on the spectra. In this
manner, a is -CH; of PHO, b and f are —CH,’s of PHO and -CHj; of PHB, d and g
are CH,—~COO- of PHO and PHB, and e is -CH-O- of PHB and PHO. Most signals
of the PHB and PHO in 'H NMR spectra of PHB and PHO overlapped each other.
Therefore, HSQC NMR spectrum of the block copolymer was taken because the
exact characterization of the blocks separately is needed.

HSQC NMR spectra help us to confirm the presence of PHB and PHO copoly-
mers in the obtained block copolymers. The characteristic signals of methyl groups
of PHB and PHO were confirmed in the HSQC NMR spectrum. Figure 4 shows
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Fig.3 'H NMR spectra of block copolymers; a PHB-b—PEG-b—PHO (01-05), b PHB-b — PEG-b-PHO
(02-05), ¢ PHB-b—PEG-b—PHO (03-05), d PHB-b—PEG-b—PHO (05-05)

HSQC NMR spectrum of a PHB-b—PEG-b—PHO triblock copolymer. The red cir-
cles show CH, groups, while the blue colors show —CH; and —CH- groups. The
two different blue color circles at 0.8 and 1.2 ppm differentiate the methyl groups
of PHO (at 6 = 0.8 ppm, PHO) and PHB (at 6=1.2 ppm, PHB). Therefore, two dif-
ferent methyl groups also strongly confirm the PHB-PHO block copolymer struc-
ture. The presence of the PEG units is also confirmed by arising signal at 3.6 ppm
in '"H NMR spectrum. The exact structural confirmation of the triblock copolymer,
PHB-b—PEG-b-PHO, was carried out using both 'H and HSQC NMR techniques.
Thermal analysis of the block copolymers was performed using DSC and TGA
instruments. DSC traces of PHB-b—PEG-b—PHO block copolymers can be seen in
Fig. 5. They were containing two main melting points related to PHO (7,,, 50-54 °C)
and PHB blocks (7,, 155-158 °C). Originally, because PEG2000 blocks [33] and
PHO blocks have T,,’s in the same range, melting transitions of PEG blocks were
overlapped with those of PHO blocks [24]. In case of PHB-b—PEG-b—PHO (05-05,
Fig. 5d) there is a small melting transition at 92 °C. This small melting transition
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Fig.4 HSQC results of block copolymer of PHB-PEG-PHO (05-05)

may result from different combinations of the triblock. Generally, PHO, medium
chain length PHA, has T, at around —30 °C like in case of Fig. 5c, d. Figure 5a,
b shows T, in this range overlapped more or less T;, of a trace of impurity coming
from small organic molecule.

Decomposition  temperatures were measured using thermogravimet-
ric analysis instrument. Decomposition temperatures were about 260 °C for
PHB-b-PEG-b-PHO copolymers while precursor decomposition temperature of
PHO was 280 °C. Triblock copolymers show slightly lower onset decomposition as
PHB-b-PEG constituent increases. Similarly, maximum decomposition temperature
of the triblock copolymers was lower than that of the precursor. Among the tri block
copolymers, some correlation was observed such as the increase in PHB-PEG inclu-
sion in triblock copolymer causes slightly increase in thermal resistance.

Decomposition temperatures are listed in Table 3.

Mechanical strength

Stress—strain results of PHB-b—PEG-b—PHO block copolymers were obtained from
a Zwick instrument. Brittle PHB gains flexibility with addition of PHO blocks.
Mechanical strength and elongation of the triblock copolymers were lower than that
of the PHO, while very brittle PHB gained flexibility. Increase in PHB content in
the triblock copolymers causes slightly decrease in both mechanical strength and
the elongation staying still having elastomeric property. Table 3 contains the results
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Fig.5 DSC traces of block copolymers; a PHB-b—PEG-b—PHO (01-05), b PHB-b-PEG-b — PHO (02—
05), ¢ PHB-b—PEG-b—PHO (03-05), d PHB-b—PEG-b—PHO (05-05)

Table 3 TGA and stress—strain results of PHB-b—PEG-b—PHO block copolymers

Code Stress—strain TGA

Stress (MPa) Elongation (%) Tonser (°C) Tax CO)
PHO 6.63+0.38 110£2.26 280 320
PHB-b-PEG-b-PHO (01-05) 3.81+048 56+3.53 260 310
PHB-b-PEG-b—PHO (02-05) 3.75+0.78 64+3.30 260 310
PHB-b-PEG-b-PHO (03-05) 2.27+0.20 63+7.62 265 315
PHB-b-PEG-b—PHO (05-05) 2.18+0.35 50+4.33 265 315

of the stress—strain measurement for the triblock copolymers. Triblock copolymers
reached elongation levels ranging from 50 to 64%. When compared the crosslinked
PHA elastomers reported in a recent article [32], the block copolymers obtained
in this work exhibits the higher mechanical strength than the crosslinked PHA
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elastomers based on autoxidized unsaturated PHAs. Thermal resistance of the tri-
block copolymers increases because of PHB units when compared to that of PHO
homopolymer.

Water uptake of the PHB-conjugate was measured to understand the hydrophilic-
ity of the polymer derivatives. By this way, the high hydrophobic PHB and PHO
(water uptake approx. 1%) gain hydrophilicity. As amine terminated PEG increase
in feed, PHB is degraded and molar mass decreases. Because of this, water uptake
increases in PHB-PEG diblock copolymers (Table 1). In case of triblock copoly-
mers, PHB-PEG-PHO, quite high water uptake but less than that of the PHB-PEG
diblock copolymers was obtained (Table 2).

Conclusion

Environmental issue pushes the polymer scientists to prepare ecofriendly plastics
from renewable resources. Copolymer from PHB and PHO can be a remedy for
this purpose. Transamidation reactions can be applied to combine brittle PHB and
elastic PHO blocks in a copolymer chain. Biodegradable flexible microbial pack-
aging materials can be obtained by this way. PEG blocks in the block copolymer
structure gain some hydrophilicity in order to use in the medical applications such
as drug delivery systems. These amidation reactions can be applied commercially
in extruder systems. Wholly biodegradability of these new copolymers is also
important for tissue engineering. PHB-b—PEG-b—PHO block copolymers obtained
by transamidation reactions can be promising biomaterials for biotechnology and
industry.

Experimental
Materials

Poly(3-hydroxy butyrate) (PHB), microbial polyester (M, 187 000 g/mol, M /M,
2.5, Biomer Inc.) was supplied from BIOMER (Germany) [31]. Poly(3-hydroxy
octanoate), (PHO), (M, 87,200 g/mol, M, /M, 1.967), was produced by feed-
ing Pseudomonas oleovorans from octanoic acid in the TUBITAK-MAM Food
Research Institute, Gebze—Kocaeli Turkey [11]. Poly(ethylene glycol) bis(2-ami-
nopropyl ether) with M, 2000 g/mol (PEG-2003NH,) was a gift from Huntsman
Corporation (Switzerland). Tin (2-ethyl hexanoate) and the other chemicals used in
this work were supplied from Sigma-Aldrich.

Characterization

Proton and carbon NMR spectra were acquired at a temperature of 25 °C with
an Agilent NMR 600 MHz NMR (Agilent, Santa Clara, CA, USA) spectrometer
equipped with a 3 mm broadband probe. Acquisition parameters included a 45° hard
pulse angle, a sweep width of 14 ppm, 1.7 s acquisition time, 0.1 s pulse delay and
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continuous WALTZ-16 broadband 'H decoupling. Up to 2000 scans were collected
per sample, corresponding to ~ 1 h of collection time. FT-IR spectra of the polymer
samples were recorded using PerkinElmer FT-IR Spectrometer 100.

Molecular weights were determined by gel permeation chromatography instru-
ment, Viscotek GPC max Auto sampler system, consisting of a pump, three Visco-
GEL GPC columns (G2000H HR, G3000H HR and G4000H HR), and a Viscotek
differential refractive index (RI) detector with a CHCI; flow rate of 1.0 mL/min at
30 °C. The RI detector was calibrated with PS standards having narrow molecular
weight distribution. Data were analyzed using Viscotek OmniSEC Omni-01 soft-
ware. Thermal analysis of the obtained polymers was carried out under nitrogen
using a TA Q2000 DSC and Q600 Simultaneous DSC-TGA (SDT) series thermal
analysis systems. Differential Scanning Calorimeters (DSC) measures temperatures
and heat flows associated with thermal transitions in the polymer samples obtained.
The dried sample was heated from — 60 to 120 °C under nitrogen atmosphere heat-
ing from 20 to 600 °C at a rate of 10 °C/min. Thermogravimetric analysis (TGA)
measures weight loss under nitrogen atmosphere at a rate of 10 °C/min.

Zwick/Roell tensile testing machine using a 50 kg load cell with a stretch speed
100 mm/min was for stress—strain measurements of the rectangular shape with size
0.16 X 10x 50 mm solvent cast film samples from CHCI;. Samples were dried at
room temperature under vacuum for 1 weeks prior to measurement. Three samples
were repeated in each stress—strain test.

Reaction of PHB with PEG2000-diamine to obtain PHB-b-PEG2000-NH,

PHB was undergone to transamidation with PEG-diamine under reflux condition in
chloroform. As an example for the transamidation reaction, 10 g of PHB and 0.1 g
of tin (2-ethyl hexanoate) were dissolved in 300 mL of chloroform, and the solution
was refluxed for 1 h. Then, 10 g of PEG-diamine was added into this solution and
continued refluxing for 2 more hours. The solvent was evaporated by using a rotary
evaporator. The resulting crude copolymer was washed with petroleum ether and
dried under vacuum overnight at 40 °C. To complete the transamidation reaction,
the white polymer powder was cured at 110 °C for 1 h. The cured polymer was
redissolved in 50 mL of chloroform and precipitated into 300 mL of methanol. Pure
PHB-PEG-NH, obtained was filtered and dried under vacuum overnight at 40 °C.

Transamidation reactions of PHO with primary amine ended PHB

PHB with a primary amine end was used in the transamidation reaction with
PHO to obtain PHB -b — PEG-b- PHO block copolymers. For example, 0.10 g of
PHB-PEG-NH, (M,,=12,200 g/mol) and 0.50 g of PHO (M,,=171,000 g/mol)
were dissolved in 10 mL of chloroform under Argon. After the transamidation reac-
tion was completed, the solution was poured into 300 mL of methanol to precipitate
the block copolymer. Polymer obtained was redissolved in chloroform and repre-
cipitated from methanol for further purification. It was dried under vacuum at room
temperature for a week.
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Water uptake measurements

To do this experiment, polymer film obtained from solvent casting using chloroform
solution was dried under vacuum at 40 °C for 24 h. Then the dried film soaked into
distilled water at room temperature for 24 h. The water uptake of the polymer was
calculated using the following equation:

Water uptake (wt%) = [(m, —my) [ my] x 100

where my is weight of swollen polymer film and m, is weight of dried polymer film.
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