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Abstract: Bacterially derived polyhydroxyalkanoates (PHAs) are attractive alternatives to commodity
petroleum-derived plastics. The most common forms of the short chain length (scl-) PHAs, including
poly(3-hydroxybutyrate) (P3HB) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), are
currently limited in application because they are relatively stiff and brittle. The synthesis of PHA-b-
PHA block copolymers could enhance the physical properties of PHAs. Therefore, this work explores
the synthesis of PHBV-b-PHBV using relatively high molecular weight hydroxy-functionalised PHBV
starting materials, coupled using facile diisocyanate chemistry, delivering industrially relevant high-
molecular-weight block copolymeric products. A two-step synthesis approach was compared with
a one-step approach, both of which resulted in successful block copolymer production. However,
the two-step synthesis was shown to be less effective in building molecular weight. Both synthetic
approaches were affected by additional isocyanate reactions resulting in the formation of by-products
such as allophanate and likely biuret groups, which delivered partial cross-linking and higher
molecular weights in the resulting multi-block products, identified for the first time as likely and
significant by-products in such reactions, affecting the product performance.

Keywords: polyhydroxyalkanoates; isocyanate chemistry; block copolymers; allophanates;
cross-linking

1. Introduction

Polyhydroxyalkanoates (PHAs) are a family of natural polyesters that are synthe-
sised by microorganisms as an intracellular material to store carbon and energy [1]. Their
biocompatibility and biodegradability make them excellent candidates for biomedical
applications [2–4]. They are also thermoplastic and/or elastomeric (depending on their
copolymer composition), which makes them attractive substitutes for petroleum-based
synthetic polymers such as polypropylene (PP), polyethylene (PE) and polyethylene tereph-
thalate (PET) [5,6].

However, the most common of the PHAs, the homopolymer poly(3-hydroxybutyrate)
(P3HB) and copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), are con-
strained in their use by limitations in their material properties. P3HB and PHBV with low
(1 mol%) 3-hydroxyvalerate (3HV) content, in particular, have very narrow processing
windows and are relatively brittle [7,8]. The synthesis of block copolymers based on these
starting materials as one block, but coupled to another block of PHA that is incompatible,
is one approach for the potential step-change improvement in PHA properties [9–12].

The production of blocks of copolymers rather than blends is a highly attractive option
because of their versatility in developing unique microstructures that deliver very different
material properties for the as-formed products, as well as the flexibility to fabricate varia-
tions in polymer chain aggregation [8,9,11,13,14]. Furthermore, the molecular weight, to
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a large extent, is responsible for the end-use properties of biopolymers [15,16]. The me-
chanical properties of PHBV random copolymer, for example, deteriorate when the weight
average molecular weight (Mw) is lower than 100 kDa [17,18]. So, the target of this work is
to produce PHA-b-PHA block copolymers of high molecular weight (Mw> 100 kDa).

Attempts to produce PHA-b-PHA block copolymers have previously been made using
a biological approach. Two strategies have been adopted: one using direct pulse feeding
of carbon feedstock to unmodified organisms and deliberately switching on and off the
feeding over time and/or alternating the feedstock to produce different blocks [8,9]. It was
concluded that such a biological approach lacks control over the timing and extent of block
formation and in all probability produces both PHA/PHA blends as well as blocks and is
thus a complex mixture for which structure–property relationships of PHA-b-PHA of differ-
ent block lengths and compositions cannot readily be assessed [10,11,14,19–23]. The other
strategy is to use genetically modified organisms and to manipulate the switching on and
off of the metabolic pathways to deliver more controlled PHA-b-PHA blocks [10,11,22,23].
However, this strategy needs very tight control over the organisms present, with expensive
processing and genetic manipulation, and also requires advanced biological manipulation
of the synthetic strategy.

By contrast, the chemical synthesis of P3HB-/PHBV-based block copolymers using
natural random copolymers as starting materials is a reasonably straightforward synthetic
process that has the potential to deliver relatively controllable material structures and
narrowly defined compositions [24–26]. Various chemical methods can be applied for the
synthesis of PHA-based block copolymers, such as living radical polymerization, click
reaction, transesterification, isocyanate coupling reaction and ring opening polymerisation,
with Samui and Kamai providing a recent review [27]. However, only limited chemical
methods have been used to synthesise PHA-b-PHA block copolymers, due to the absence
of functional groups such as vinyl groups in most of the natural PHAs [28].

Further, in general, the typical PHA-based block copolymer synthesis reported in the
literature has used relatively low molecular weight hydroxy-functionalised PHA oligomers
(i.e., Mn < 4 kDa) derived from high molecular weight random copolymers as the starting
materials. However, for some applications such as packaging, high molecular weight final
products are needed, to achieve good mechanical properties. When starting with such
low molecular weight materials, it is therefore necessary to produce multi-block copoly-
mers in order to obtain relatively high molecular weight polymers with good mechanical
properties [29–31]. However, this strategy is less controllable with respect to the chemical
structure and architecture of the final products and introduces multiple urethane linkages,
likely influencing the final product properties. In addition, one of the dominant side
reactions is the formation of allophanates, which has been reported in polycaprolactone
(PCL)-b-polyethylene glycol (PEG) and PHA-b-PEG systems [32,33]. This resulted in blocks
with higher molecular weights and partially cross-linked products which could lead to
a shift in properties and the formation of microgels [32,33]. Despite being reported, the
allophanate side reactions were not characterised further in the past literature and none
was reported in PHA-b-PHA systems.

Further, since much of the potential property improvement in block copolymers is
obtained through local microphase separation of the different blocks [9,34–36], longer block
sequences may be desirable. Yet, the one example to our knowledge of the synthesis of a
PHA-b-PHA copolymer using the diisocyanate approach is where a low molecular weight
block copoly(ester–urethane) of Mn = 10.6 kDa was synthesised using a one-step process
from telechelic hydroxylated poly[(R)-3-hydroxyoctanoate] (PHO-diol, Mn = 2.4 kDa) and
telechelic hydroxylated poly[(R)-3-hydroxybutyrate] (P3HB-diol, Mn = 2.6 kDa) with L-
lysine methyl ester diisocyanate (LDI) as the junction unit. The synthesised block copolymer
delivered good thermoplastic properties, with a melting temperature (Tm) of 146 ◦C and a
glass transition temperature (Tg) of −6 ◦C. The mechanical properties were however those
of a soft, low-strength material, consistent with its low molecular weight [37].
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Therefore, the aim of this work was to synthesise novel, high molecular-weight PHBV-
b-PHBV block copolymers, using PHA macroinitiators of relatively high molecular weights
(e.g., Mn > 20 kDa).

The main approach to the chemical synthesis of PHA-based block copolymers is the
use of isocyanate chemistry to form urethane linkages from hydroxy-terminated PHA
blocks. This is a simple and efficient synthesis strategy, being quite rapid and clean, and
being a well-established process [38]. PHA-based block copolymers can be produced using
either a one-step or two-step process, where a one-step process adopts a single synthesis
stage, with all reactants combined together at the start, while a two-step process adopts the
alternate strategy of reacting a central hydroxy-terminated block with at least two times the
molar equivalent of diisocyanate to produce a central isocyanate-terminated block, which
is then subsequently reacted with an alternate hydroxy-terminated block in a second stage.
There are now many examples of these strategies being adopted in the literature, leading
to a wide range of block copolymeric products, often of significant molecular weight,
with distinctly different properties to their starting materials [4,24,34,37,39–41]. Overall,
PHA-based block copolymers joined by urethane links typically exhibit high thermal and
mechanical properties and good processing ability over their counterpart random and
blend copolymers [34,42]. However, this strategy has not been applied to PHBV-b-PHBV
synthesis, and it is a particularly relevant one for targeting high molecular weight block
copolymers where the proportion of functional end groups relative to the length of the
main chain is low, needing efficient coupling.

In this first instance, the methods for synthesis using isocyanate chemistry were
established using 1 mol% 3HV blocks. The effectiveness of both the one-step and two-step
processes for the production of PHBV-b-PHBV multi-block copolymers were compared by
tracing the reaction chemistry and the molecular weight of the products throughout. The
extent of possible side reactions, i.e., the formation of allophanates, was also characterised.
Our findings provide some insight into the methodology for the synthetic production
of PHA-b-PHA block copolymers, resulting in block copolymers of industrially relevant
molecular weight.

2. Materials and Methods
2.1. Materials

A commercial PHBV random copolymer of 1 mol% 3HV content was purchased
from TianAn Biopolymer (Ningbo, China) (Mn = 194 kg/mol, Mw = 455 kg/mol and
Ð = 2.3, by GPC, 1 mol% 3HV, by 1H-NMR, called Random_1HV#3 in this work). Hydroxy-
functionalised PHBV copolymers of low (1 mol%) 3HV content (Random_1HV#1, Ran-
dom_1HV#2, Random_1HV#4 and Random_1HV#5) were produced, as described in our
previous work [43]. Details of these materials are provided in the supplementary in-
formation (Table S1), noting that these products are mixtures containing mono-hydroxy
terminated PHBV and di-hydroxy-terminated (telechelic) PHBV, with some carboxylic
acid group functionality as well. HPLC grade chloroform, 1,2-dichloroethane (anhydrous,
99.8%), tin(II) 2-ethylhexanoate (stannous octoate, 92.5–100.0%) and hexamethylene diiso-
cyanate (puriss., ≥99.0% (GC)) (HDI) were purchased from Sigma-Aldrich (St. Louis, MI,
USA) and used as received. Deuterated chloroform (99.8%) was purchased from Novachem
(Calgary, AB, Canada) and used as received. Argon (Ultra High Purity) was purchased
from Supagas Pty Ltd. (Branxholm, Australia) and used as received.

2.2. Block Copolymer Synthesis

Based on our previous work and the literature [4,44,45], three different experiments
using hydroxy-terminated PHBV macromer starting materials and either a one-step or
a two-step process were carried out. The experimental conditions, including the details
of the hydroxy-terminated PHBV macromer used in these experiments and whether or
not the experiment was multi-step, are shown in Table 1. A summary of the experimental
approach is provided in Figure 1. Experiment #1 was a two-step synthesis. In the first
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step, the hydroxy-functionalised PHBV (Random_1HV#4) solution was added dropwise
to hexamethylene diisocyanate (HDI) at an [NCO]/[OH] ratio of 2.2 and temperature of
65 ◦C. The reaction of the first step lasted for 5 h. In the second step, double portions of
hydroxy-functionalised PHBV (Random_1HV#4) solution were quickly added into the
reaction system and the reaction was run for 48 h. Only the reaction products in the second
step of the two-step synthesis were analysed.

Table 1. Details of reaction conditions and materials used in block copolymer syntheses based on
1 mol% 3HV content PHBV.

Exp’t No.

Hydroxy-
functionalised
PHBV Starting

Materials

Mn (kDa) Mw (kDa) Ð 3HV
(mol%)

1 ◦OH and 2 ◦OH
Used in Reaction

(mmoles/
g PHA)

Description Experimental Conditions

1 Random_1HV#4 28 51 1.8 1 0.084

First and
second steps

of the two-step
synthesis

[NCO]/[OH] for step 1 = 2.2;
Temp = 65 ◦C; Time (step 1) =
5 h; Theoretical [NCO]/[OH]

for step 2 = 0.5 *; Temp = 65 ◦C;
Time (step 2) = 48 hOverall

[NCO]/[OH] = 2.2:3

2A Random_1HV#4 28 51 1.8 1 0.084

One-step
synthesis (first

step of the
two-step

synthesis)

[NCO]/[OH] for step 1 = 2.2;
Temp = 65 ◦C: Time = 18.5 h

2B Random_1HV#5 25 44 1.7 1 0.103
One-step
synthesis
extended

[NCO]/[OH] = 2.2;
Temp = 65 ◦C: Time = 24 h

* Based on initial NCO addition in step 1.
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Figure 1. Graphical overview of PHBV-b-PHBV block copolymer syntheses, where R represents
PHBV main chain. The yellow colour indicates the 2-step synthesis while the blue colour indicates
the one-step synthesis.

Experiment 2 was a one-step synthesis. Experiment #2A was essentially a repeat of
the first step of Experiment #1, and so the first 5 hours of it were used to understand the
reaction kinetics of the first step in a two-step synthesis. Experiment #2B was the duplicate
experiment of Experiment #2A with extended time and samples taken throughout so as to
follow the reaction kinetics of the one-step synthesis.

2.2.1. Drying of Glassware, Solvents and PHBV Reagents

In all these experiments, glassware was dried in an oven at 200 ◦C overnight and then
cooled in a desiccator over dried silica gel before use. The solvent 1,2-dichloroethane was
dried before use [46] and distilled by azeotropic distillation using a short-path distillation
apparatus. In this process, a two-necked round-bottomed flask (250 mL) equipped with a
reflux condenser and gas inlet was connected to a bubbler and the glassware was flushed
with argon and carefully flame dried. Then, 100 mL 1,2-dichloroethane and 3 g calcium
hydride were quickly added into the flask, which was heated in an oil bath at 60 ◦C under an
argon flux and magnetically stirred for 2 h. The reflux condenser was then replaced with a
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short-path distillation head, which was connected to a one-necked receiving flask (100 mL)
and a bubbler. The pre-dried 1,2-dichloroethane was then dried further by azeotropic
distillation, with the first 10% of azeotrope collected in the receiving flask being discarded
to remove the trace water from the solvent. The remaining distillate was collected and the
flask was flushed with argon before being sealed with a rubber septum and parafilm as a
dried solvent for the subsequent isocyanate reactions.

The hydroxy-terminated PHBV was firstly dried under vacuum (−90 kPa) in an oven
at 80 ◦C overnight then cooled in a desiccator over dried silica gel before use. A two-necked
round-bottomed flask (250 mL) equipped with a rubber septum (sealed with parafilm) and
a reflux condenser was connected to a bubbler and the glassware was flushed with argon
by injecting a needle through the rubber septum. The glassware was carefully flame dried
before dried hydroxy-terminated PHBV was quickly added into the flask under an argon
stream. Then, dried 1,2-dichloroethene (5 mL/gPHA) was quickly added into the flask
through the rubber septum using a 50 mL glass syringe, again under an argon stream. The
flask was then heated in an oil bath at 140 ◦C under an argon flux and magnetically stirred
until the PHBV was fully dissolved. Then, the solution was dried by azeotropic distillation
until 10% of the azeotrope was collected in the receiving flask (50 mL). The oil bath was
then cooled down to 65 ◦C.

2.2.2. Experiment #1: Two-Step Synthesis of PHBV-b-PHBV Multi-Block Copolymer

A three-necked round-bottomed flask (100 mL) equipped with a reflux condenser
and gas inlet was connected to a bubbler and the glassware was flushed with argon and
carefully flame dried. In the first step of the block copolymer synthesis, 3 g dried hydroxy-
terminated PHBV random copolymer (Random_1HV#4) was dissolved in 15 mL dried
1,2-dichloroethane and the PHBV solution was dried by azeotropic distillation. After the
PHBV solution was prepared, the reaction apparatus was flame dried again. Then, 2 mL 1,2-
dichloroethane, 0.012 mL stannous octoate as a catalyst (0.8 µL per mL 1,2-dichloroethene)
and 0.044 mL hexamethylene diisocyanate (HDI) (based on desired ratio relative to the
concentration of OH groups) were quickly added into the flask through the rubber septum
using 500 µL glass syringes. The solution was magnetically stirred and heated in an oil
bath at 65 ◦C. Then, the PHBV solution was immediately transferred into the three-necked
flask dropwise through the rubber septum using 20 mL glass syringes. The reaction was
conducted for 5 h.

In the second step, 6 g of the hydroxy-functionalised PHBV random copolymer was
dissolved in 30 mL dried 1,2-dichloroethane and the PHBV solution was dried by azeotropic
distillation. Then, the dried PHBV solution was quickly transferred into the three-necked
flask through the rubber septum using 20 mL glass syringes. The reaction was conducted for
48 h. In this second step, the [NCO]/[OH] ratio was 0.5, in accordance with normal practice,
in order to leave hydroxyl end groups present post synthesis. Samples were collected by
glass syringes through the rubber septum at different reaction times and quenched in a
mixture of diethyl ether and methanol (20/1, v/v) for further characterisation. Finally, the
quenched solids were recovered by vacuum filtration through a Buchner funnel fitted with
a dried, pre-weighed quantitative filter paper (WhatmanTM, Maidstone, UK, 10312209) and
rinsed with a large volume of methanol. Then, the product was dried in a vacuum oven
with a negative pressure of −90 kPa at 60 ◦C overnight.

2.2.3. Experiment #2A: One-Step Synthesis of PHBV-b-PHBV Multi-Block Copolymers

A three-necked round-bottomed flask (100 mL) equipped with a reflux condenser and
gas inlet was connected to a bubbler and the glassware was flushed with argon and carefully
flame dried. Then, 5 mL 1,2-dichloroethane, 0.032 mL stannous octoate as a catalyst (0.8 µL
per mL 1,2-dichloroethene) and 0.118 mL hexamethylene diisocyanate (HDI) (based on
desired ratio relative to concentration of OH groups) were quickly added into the flask,
through the rubber septum, using 5 mL and 500 µL glass syringes, respectively. The solution
was magnetically stirred and heated in an oil bath at 65 ◦C. Then, the dried hydroxy-
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functionalised PHBV solution (containing 8 g PHBV) was immediately transferred into the
three-necked flask dropwise through the rubber septum using a 20 mL glass syringe.

The reaction was conducted for 18.5 h. Samples were collected by glass syringes
through the rubber septum at different reaction times and quenched in a mixture of diethyl
ether and methanol (20/1, v/v) for further characterisation. Finally, the quenched solids
were recovered by vacuum filtration through a Buchner funnel fitted with a dried, pre-
weighed quantitative filter paper (WhatmanTM, Maidstone, UK, 10312209) and rinsed with
a large volume of methanol. Then, the product was dried in a vacuum oven with a negative
pressure of −90 kPa at 60 ◦C overnight.

2.2.4. Experiment #2B: One-Step Synthesis of PHBV-b-PHBV Multi-Block Copolymers with
Longer Reaction Time

Experiment #2B was a duplicate experiment of Experiment #2A, using a hydroxy-
functionalised PHBV (Random_1HV#5) of the same 3HV content and similar molecular
weight, with the reaction being run for a longer time (24 h). In this experiment, 8 g
hydroxy-terminated PHBV (Random_1HV#5) was reacted with 0.145 mL hexamethylene
diisocyanate (HDI) (based on the desired NCO ratio relative to concentration of OH groups,
see Table 1). The protocol was otherwise as described in Section 2.2.3.

2.3. Preparation of PHBV Films by Solvent Casting

To prepare solvent cast films, 1 g PHBV was dissolved in 10 mL HPLC chloroform (100
g/L) at 80 ◦C in an oil bath under reflux and cooled down after being well dissolved. Then,
the solution was placed in a Petri dish. After most of the solvent was slowly evaporated,
the film was dried under a vacuum to constant weight at room temperature. Then, the film
was left in an open environment for aging for at least two weeks before testing.

2.4. Solubility Assessment for As-Produced Block Copolymeric Products

The as-produced products were dissolved in HPLC-grade chloroform (25 mg/mL) at
80 ◦C in an oil bath under reflux. After the PHBV was well dissolved, the solution was
cooled and filtered through a Buchner funnel using pre-weighed polytetrafluoroethylene
filter papers (0.22 µm, WhatmanTM, Maidstone, UK, WM4-022090). Then, the filtered
solution was transferred into pre-weighed Petri dishes followed by rinsing of the receiving
flask three times with 20 mL chloroform each time, which was then added to the petri dish.
Then, the filtered solution was allowed to evaporate in the fume hood. The mass of the
solid residue was measured. The filter paper and the remaining undissolved solid were
transferred into a separate Petri dish and the mass of the remaining solid was weighed
after evaporation of the solvent (when it had reached constant weight).

2.5. Material Characterization
2.5.1. Gel Permeation Chromatography (GPC)

The number average molar mass (Mn), weight average molar mass (Mw) and dispersity
(Ð) of the PHBV copolymers were determined by GPC, using an Agilent 1260 Infinity Multi
Detector Suite system (Cheshire, UK). Samples were dissolved in HPLC grade chloroform
(2.5 mg/mL) followed by filtration using polytetrafluoroethylene syringe filters (0.22 µm,
Kinesis, ESF-PT-13-022). An HPLC solvent delivery system was used in conjunction with
an auto-injector. A column set consisting of a guard column (Agilent PLgel 10 µm 7.5 mm
× 50 mm) followed 3 × Agilent PLgel 10 µm MIXED-B columns (7.5 mm × 300 mm) in
series. The columns were kept at 30 ◦C. A refractometer, at 30 ◦C, was used to detect
the signals. A chloroform flow rate of 1 mL/min was used for the analysis. Narrowly
distributed molecular weight polystyrene standards and Agilent PS-H EasiVial calibration
standards (PL2010-0201). The apparatus was calibrated with polystyrene standards. The
Mark–Houwink–Sakurada (MHS) relation and specific MHS parameters (K and a) were
used to correct the molar mass. K = 7.7× 10−3 mL/g and α = 0.82 were used in this
study [47].
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2.5.2. Nuclear Magnetic Resonance Spectroscopy (NMR)

Quantitative 1H high-resolution one-dimensional NMR spectra were acquired at 298 K
in deuterated chloroform (CDCl3) (50 mg/mL) on Bruker Advance 700 and 500 spectrome-
ters. The number of scans was set to 512. The relative peak intensities of 1H-NMR spectra
were determined using PeakFit 4.12 software [9]. Chemical shifts were referenced to the
residual proton peak of CDCl3 at 7.26 ppm. The list of chemical shifts of the as-identified
peaks from 1H-NMR throughout the study are presented in Table S2.

Solid-state 13C-NMR spectra were performed at 298 K on a Bruker Advance III spec-
trometer with a 300 MHz magnet equipped with a 4 mm double air bearing, magic angle
spinning probe. The powdered samples were placed in a zirconia rotor with a Kel-F cap
and rotated at 5 kHz. Next, 13C spectra were recorded with a CPMAS pulse sequence.
The ramped cross-polarization time was 1 ms, and decoupling was carried out using a
tppm 15 sequence with 100 kHz. The relaxation delay was 3 s and the acquisition time
was 49 ms. A total of 2048 scans were collected. Adamantane was used as a reference. The
list of chemical shifts of the as-identified peaks from 13C-NMR throughout the study are
presented in Table S3.

2.5.3. Differential Scanning Calorimetry (DSC)

DSC analysis was performed using a TA instrument Q2000. Samples of 2–4 mg in
sealed aluminium pans were analysed under nitrogen flow (50 mL/min). A five-step
procedure was applied as follows: (1) Equilibrate at 25 ◦C, then heat up from 25 ◦C to
190 ◦C with a 10 ◦C/min ramp and keep isothermal for 0.1 min to erase the thermal
history; (2) cool down to −70 ◦C with a 10 ◦C/min ramp and keep isothermal for 5 min;
(3) heat up from −70 ◦C to 190 ◦C with a 10 ◦C/min ramp; (4) cool down to −70 ◦C
with a 100 ◦C/min ramp; and (5) heat up to 25 ◦C with a 20 ◦C/min ramp. The melting
temperature (Tm) and enthalpy of melting (∆Hm) were determined from the first heating
cycle while the crystallisation temperature (Tc) was determined from the first cooling scan.
The glass transition temperature (Tg) was determined from the final heating cycle. Data
were analysed using TA Universal Analysis software (UA 4.5.0.5).

3. Results and Discussion

In this work, the synthesis of PHBV-b-PHBV block copolymers was achieved using
diisocyanate chemistry, adopting either a two-step or a one-step approach. The starting
materials were relatively high molecular weight hydroxy-terminated PHBV macromers of
(1 mol%) 3HV content, and the diisocyanate was deliberately selected to be the less rigid
aliphatic hexamethylene diisocyanate (HDI), to limit the risk of introducing rigidity into
the resulting chain.

The loading of isocyanate to the reactive end group is an important variable. Excess of
isocyanates, over the stoichiometric requirements, i.e., [NCO]/[OH] ratio of 2.2, was used
in Experiment 2A.

3.1. Molecular Weight and Functional Groups of the Reaction Products

An increase in molecular weight is a key indicator for the success of the block copoly-
mer synthesis with results shown in Figure 2. It should be noted that further reaction of the
isocyanate with the urethane reaction products to produce allophanate and/or biuret bonds
is possible, causing branching and chemical cross-linking [48,49]. Therefore, it is likely
that after all the hydroxyl groups were reacted with isocyanate groups (Figure 3a,b), the
further increase in molecular weight was mainly dependent on the formation of allophanate
linkages by the reaction of urethane groups with isocyanate groups (Figure 3c), which has
been illustrated in our previous study [44].
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Figure 3. Chemical reaction of (a) primary hydroxyl groups with isocyanate groups to form urethane
groups; (b) secondary hydroxyl groups with isocyanate groups to form urethane groups; and (c)
urethane groups with isocyanate groups to form allophanate groups. R and R′ = PHBV random
copolymer and R′′ = NCO or NHC(O)OR′. The functional groups of interest are identified in red.

The proportion of insoluble components in the final products was assessed as an
indicator of the extent of cross-linking (Table 2). A gelatinous insoluble component was
observed, at 2.7–19.5 wt.%, indicating some by-product formation. In addition, the one-step
products (Block_1HV#1 and Block_1HV#2) were characterised using solid-state NMR and
compared with their counterpart random copolymers of the same 3HV contents and similar
molecular weights (Random_1HV#1 and Random_1HV#2). As shown in Figure 4, peaks at
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around 28 ppm were only observed in the one-step products, which were attributed to the
methylene group of an allophanate functionality (labelled as Al2, 4C, -O-CO-(R)N-CO-NH-
CH2-CH2-CH2-CH2-CH2-CH2-) [44,50,51], indicating the formation of allophanate groups
(therefore cross-linking) in the block copolymer synthesis. This was also evidenced by the
broad peaks at around 142–160 ppm, which were attributed to the carbonyl peaks of the
allophanate (labelled as C1, 1C, -O-CO-(R)N-CO-NH-CH2-) [50,51]. The detailed chemical
shifts of the other peaks are shown in the supplementary material (Table S3). Thus, the gel
as produced was likely primarily due to the formation of these allophanate cross-linking
groups.

Table 2. Solubility of final reaction products of block copolymer synthesis.

Experiment No. Final Reaction Products Insoluble Component (wt.%)

1 Product of two-step synthesis 2.7
2A Block_1HV#1 4.4
2B Block_1HV#2 19.5
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Figure 4. Solid-state 13C-NMR results of PHBV materials of 1 mol% 3HV, where R′ = PHBV random
copolymer and R′′ = NCO or NHC(O)OR′. The carbons identified in the spectra are indicated in red
in the chemical structures above.

3.1.1. Two-Step Synthesis (Experiment #1)

The molecular weight was quantified through only the final (second) step of the two-
step reaction for Experiment #1 (shown in Figure 2a); the initial 5 h of reaction was inferred
from the first 5 h of Experiment #2A. It is worth noting that the molecular weights of the
mixture at time zero in the second step (i.e., after adding the second hydroxy-functionalised
block, Random_1HV#4, Mn of 28 kDa, Mw of 51 kDa) are smaller than the product after 5 h
of reaction for Experiment #2A (Mn of 43 kDa, Mw of 81 kDa). This is due to the fact that
the addition of hydroxy-functionalised PHBV at the start of the second step decreased the
average molecular weight of the mixture. Regardless, excess isocyanate was still expected
to be present at the start of this second stage of the two-step block copolymer synthesis.
This was evidently the case with the molecular weight of the reaction products in the
second step increasing gradually, with Mn increasing from 28 to 43 kDa and Mw increasing
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from 56 to 74 kDa within 3 h of the addition of the second aliquot of hydroxy-functionalised
PHBV (Figure 2a).

The [NCO]/[OH] ratio over the whole synthesis was 2.2:3. But this meant that in
the second stage of this two-step synthesis, the [NCO]/[OH] ratio would be at best less
than 1, even if no reaction had occurred in the initial 5 h stage. If this reaction had run
as planned, the molecular weight should in the end have been triple that of the time zero
material. However, the molecular weight of the final reaction products only increased
around 1.5 times after 3 h in this second stage. And after that, no further increase in
molecular weights was observed even after an extended 48 h, i.e., the addition of the second
dose of hydroxy-functionalised PHBV effectively consumed all remaining isocyanate but
without further blocking copolymer synthesis. As shown in Figure 5b, the 1H-NMR spectra
showed that neither the primary (Et1 and Et2) nor the secondary hydroxyl groups (2 ◦OH)
were fully consumed after 48 h, while urethane peaks associated with the reaction of the
primary and secondary hydroxyl groups (Ur1 (1H, -O-CH2-CH2-O-CO-NH-) and Ur2 (1H,
-CO-CH2-CH(CH3)-O-CO-NH-), respectively) were observed in all reaction products [44],
confirming that there was insufficient isocyanate present at the end to complete the reaction.
There are many possible reasons for this, not least of which is that a large proportion of
isocyanate has been consumed in the first step, with isocyanate reacting with both hydroxyl
groups and urethane groups. It is also noted that trace water or other impurities present in
the second batch of PHBV copolymers or introduced during their addition reacted with
any unreacted diisocyanate or isocyanate functionalised PHBV that was present, removing
the potential for further reaction. The reaction product was thus likely a blend of some
block material with unreacted hydroxy-terminated PHBV macromonomer.

Although this experiment failed to build up molecular weight as expected, there was
still 2.7 wt.% of the insoluble component in the final products, which is likely due to the
formation of cross-linked materials caused by excess isocyanate in the first step.

3.1.2. One-Step Synthesis (Experiment #2A and 2B)

In contrast to the two-step synthesis, the molecular weights through time of the
reaction products from Experiment #2A showed a large increase between the 5 h reaction
product and the 18.5 h reaction product, with the Mn increasing from an initial 28 kDa to
reach 93 kDa and Mw increasing from 51 kDa to 163 kDa after 18.5 h (Figure 2b). Both the
Mn and the Mw of the final reaction products were greater than triple that of the starting
hydroxy-functionalised PHBV, indicating the formation of a multi-block copolymer. It is
clear that under these conditions, and with the excess isocyanate present, the isocyanate
reaction continued over time to produce a likely blend of different multi-block copolymers
of PHBV, as would be expected.

The 1H-NMR spectra of the reaction products of Experiment #2A are shown in
Figure 5a and revealed that the primary hydroxyl groups were fully consumed within
40 min, while the secondary hydroxyl groups were fully consumed within 1.5 h. The
urethane peaks associated with the reaction of the primary and secondary hydroxyl groups
were observed in all reaction products, confirming the proposed isocyanate chemistry.
The presence of trace allophonate groups (labelled as Al1, 2H, -O-CO-(R)N-CO-NH-CH2-
CH2-CH2-CH2-CH2-CH2-) was also confirmed [44], which was consistent with solid-state
NMR results.

Overall, from the results of Experiment #1 and #2A, the idea of preparing PHBV
capped with isocyanate groups at each end in the first step and then synthesising a tri-block
copolymer was shown to be challenging under the experimental conditions used. This is
different from what has been reported in the literature, where tri-block copolymers have
been successfully synthesised using a two-step strategy at 50 ◦C with a [NCO]/[OH] ratio
of 2.2 in the first step [45,52]. However, in our work, the formation of allophanate groups
coincidently helped to build up blocks, which is a key finding and was applied in this work
to synthesise cross-linked PHA-b-PHA block copolymers that might potentially improve
the toughness of PHAs.
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Figure 5. Detailed 1H-NMR results of the reaction products of (a) the first step of the two-step
synthesis (from the first 5 h of Experiment #2A) and (b) the second step of the two-step synthesis
(Experiment #1), where time is post addition of second tranche of hydroxy-functionalised PHBV. Key
functional groups identified in the 1H-NMR spectra through labels are shown to the right, labelled
in red. Et = ethylene glycol-derived end group, where Et1 and Et2 are the protons associated with
that ethylene group; H1,HB is the tertiary proton associated with the butyric acid derived end group;
2 ◦OH = secondary hydroxyl proton associated with the butyric acid derived end group; Ur1 = proton
of primary hydroxyl-derived urethane group; Ur2 = proton of secondary hydroxyl-derived urethane
group; Ur3 and Ur4 = protons adjacent to the urethane groups that were derived from the diisocyanate;
Al1 = proton adjacent to allophanate group; R and R′ = PHBV random copolymer; and X = NCO or
NHC(O)OR′.

Based on the above discussion, the one-step synthesis was shown to be feasible for
building molecular weight, with evidence of this being primarily through the formation
of urethane groups, and the synthesis could be manipulated by extending the reaction
time. In support of this, the molecular weights of the reaction products from the one-step
synthesis in Experiment #2B almost trebled over the initial 18 h, with Mn increasing from 24
to 67 kDa and Mw increasing from 43 to 126 kDa (Figure 2b). As the reaction continued to
progress, the Mn and Mn of the final reaction products (after 24 h) increased around fivefold
overall compared to the starting hydroxy-functionalised PHBV. Once again, it is likely that
the formation of allophanate linkages—causing branching and chemical cross-linking—
contributed greatly to the increase in molecular weight (with 19.5 wt.% insoluble gel,
Table 2). It is therefore assumed that the synthesised final product—where the molecular
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weight increased fivefold—is likely a mixture of linear, branched and/or cross-linked block
copolymers. The 1H-NMR spectra were very similar to those of Experiment #2A, and,
hence, are not discussed in detail here.

3.2. Thermal Properties of As-Synthesised Block Copolymers

The thermal properties of the as-synthesised final products are given in Table 3. The
respective DSC thermograms are shown in the supplementary information (Figures S1–S5).
Three random copolymers of 1 mol% 3HV (Random_1HV#1, Random_1HV#2 and Ran-
dom_1HV#3) were compared with the two block copolymer products from Experiment
#2A (Block_1HV#1) and #2B (Block_1HV#2). The product from Experiment #1 was not
included as it was a mixture of block copolymers and the unreacted starting random
copolymers. Comparing the initial cell-produced random copolymer of 1 mol% 3HV (Ran-
dom_1HV#3, Mn of 194 kDa) with the hydroxy-functionalised transesterification products
(Random_1HV#1, Mn of 86 kDa and Random_1HV#2, Mn of 117 kDa), the thermal proper-
ties of the PHBV random copolymers were similar, except for the slight increase in Tg for
Random_1HV#3, which was due to the lower chain mobility of the longer polymer chains.

Table 3. Thermal properties of PHBV-b-PHBV block copolymers and random copolymers.

PHBV Material Mn
(kDa)

Mw
(kDa) Ð Tm (◦C) ∆Hm (J/g) Tc (◦C) ∆Hc (J/g) Tg (◦C)

random

Random_1HV#1 86 186 2.2 157.6/
174.0 102.3 98.3 87.1 2.6

Random_1HV#2 117 273 2.3 160.0/
175.0 102.5 103.4 89.2 2.6

Random_1HV#3 194 455 2.3 159.5/
170.0 106.0 104.7 87.3 4.0

block
Block_1HV#1 94 159 1.7 153.1/

168.5 94.0 104.9 78.9 6.3

Block_1HV#2 107 221 2.1 152.2/
167.3 89.2 110.0 83.7 8.9

However, the thermal properties differed slightly more between random copolymers
and the chemically synthesised block copolymers, with slightly lower Tm and ∆Hm values
and a small increase in the Tg being observed for the latter. This is likely due to constrained
chain mobility as a consequence of the formation of three-dimensional allophanate or
potential biuret structures [53], as well as possible hydrogen bonding effects from the
urethane groups (although they are a small component of the composition overall) and
possible further constraints due to microphase separation between links.

By comparing the two synthesised block copolymers of different degrees of cross-
linking (Block_1HV#1 and Block_1HV#2), it is also observed that with the increase in
cross-linking, the Tm and ∆Hm values decreased slightly, while the Tg values increased
from 6.3 ◦C (for Block_1HV#1) to 8.9 ◦C (for Block_1HV#2).

4. Conclusions and Outlook

Overall, a comparison between the one-step and the two-step synthesis of PHBV-b-
PHBV block copolymers has been established, based on relatively high molecular weight
hydroxy-functionalised copolymeric PHBV starting materials containing 1 mol% 3HV.
In both strategies, block copolymers were successfully synthesised, as evidenced by the
increase in molecular weight and the formation of urethane groups from NMR analysis.
However, the one-step synthesis is a more efficient approach. Moreover, there was evidence
of by-product formation, particularly allophonate and likely biuret groups, through the
further reaction of isocyanates with the urethane groups initially formed. This resulted
in cross-linking, particularly following extended reactions with high isocyanate loadings,
and the formation of relatively high molecular weight products. It is a key finding of this
work and helps to establish an approach for the synthesis of novel PHA-b-PHA through



Polymers 2023, 15, 3257 13 of 15

the relatively simple one-step strategy of block copolymer production. In addition, the
fundamentals of the synthesis were investigated, which, to our knowledge, have not been re-
ported for the synthesis of PHA-b-PHA block copolymers based on diisocyanate chemistry.

It is also suggested for future research that the effect of reaction conditions—such
as temperature and amounts of catalyst—on the formation of the side reactions of the
diisocyanate chemistry could be investigated. By reducing or even eliminating the side
reactions—i.e., maximising the formation of isocyanate-terminated intermediate reaction
products based on a [NCO]/[OH] ratio of 2.2—the synthesis of a target PHA-b-PHA-b-PHA
tri-block copolymers would be achievable.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/polym15153257/s1, Figure S1: First heating scans of 1 mol%
3HV block and random copolymers and high 3HV block, blend and random copolymers; Figure S2: First
cooling scans of 1 mol% 3HV block and random copolymers and high 3HV block, blend and random
copolymers; Figure S3: Second heating scans of 1 mol% 3HV block and random copolymers and
high 3HV block, blend and random copolymers; Figure S4: Second cooling scans of 1 mol% 3HV
block and random copolymers and high 3HV block, blend and random copolymers; Figure S5: Last
heating scans of 1 mol% 3HV block and random copolymers and high 3HV block, blend and random
copolymers; Table S1: Details of hydroxy-functionalised PHBV random copolymers used; Table S2:
Chemical shifts of 1H-NMR spectra of reaction products of HDI with hydroxy-functionalised PHBV;
Table S3: Chemical shifts of PHBV materials in solid-state 13C-NMR spectra.

Author Contributions: J.M.: conceptualization, investigation, methodology, validation, data curation,
formal analysis, visualization, and writing—original draft and editing. B.L.: supervision, project ad-
ministration, methodology, and writing—review and editing. C.M.C.: supervision, writing—review
and editing. S.P.: supervision, project administration, and writing—review and editing. All authors
have read and agreed to the published version of the manuscript.

Funding: This work is funded by the Australian Research Council via Discovery Project DP200101144
and the ARC Training Centre for Bioplastics and Biocomposites IC210100023.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations.

Acknowledgments: The authors acknowledge the facilities and the scientific and technical assistance
of the UQ School of Chemical Engineering and the Centre of Advanced Imaging. J.M. acknowledge
the Australian Government Research Training Program for scholarship during this study.

Conflicts of Interest: The authors declare that they have no known competing financial interest or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Kellerhals, M.B.; Kessler, B.; Witholt, B.; Tchouboukov, A.; Brandl, H. Renewable Long-Chain Fatty Acids for Production of

Biodegradable Medium-Chain-Length Polyhydroxyalkanoates (mcl-PHAs) at Laboratory and Pilot Plant Scales. Macromolecules
2000, 33, 4690–4698. [CrossRef]

2. Chen, G.Q.; Wu, Q. The application of polyhydroxyalkanoates as tissue engineering materials. Biomaterials 2005, 26, 6565–6578.
[CrossRef]

3. Li, Z.B.; Loh, X.J. Water soluble polyhydroxyalkanoates: Future materials for therapeutic applications. Chem. Soc. Rev. 2015, 44,
2865–2879. [CrossRef]

4. Pan, J.; Li, G.; Chen, Z.; Chen, X.; Zhu, W.; Xu, K. Alternative block polyurethanes based on poly (3-hydroxybutyrate-co-4-
hydroxybutyrate) and poly (ethylene glycol). Biomaterials 2009, 30, 2975–2984. [CrossRef]

5. Bejagam, K.K.; Iverson, C.N.; Marrone, B.L.; Pilania, G. Composition and Configuration Dependence of Glass-Transition
Temperature in Binary Copolymers and Blends of Polyhydroxyalkanoate Biopolymers. Macromolecules 2021, 54, 5618–5628.
[CrossRef]

6. Shah, D.T.; Tran, M.; Berger, P.A.; Aggarwal, P.; Asrar, J.; Madden, L.A.; Anderson, A.J. Synthesis and Properties of Hydroxy-
Terminated Poly(hydroxyalkanoate)s. Macromolecules 2000, 33, 2875–2880. [CrossRef]

7. Akaraonye, E.; Keshavarz, T.; Roy, I. Production of polyhydroxyalkanoates: The future green materials of choice. J. Chem. Technol.
Biotechnol. 2010, 85, 732–743.

https://www.mdpi.com/article/10.3390/polym15153257/s1
https://doi.org/10.1021/ma000655k
https://doi.org/10.1016/j.biomaterials.2005.04.036
https://doi.org/10.1039/C5CS00089K
https://doi.org/10.1016/j.biomaterials.2009.02.005
https://doi.org/10.1021/acs.macromol.1c00135
https://doi.org/10.1021/ma991773e


Polymers 2023, 15, 3257 14 of 15

8. Ferre-Guell, A.; Winterburn, J. Biosynthesis and Characterization of Polyhydroxyalkanoates with Controlled Composition and
Microstructure. Biomacromolecules 2018, 19, 996–1005. [CrossRef]

9. Arcos-Hernández, M.V.; Laycock, B.; Donose, B.C.; Pratt, S.; Halley, P.; Al-Luaibi, S.; Werker, A.; Lant, P.A. Physicochemical and
mechanical properties of mixed culture polyhydroxyalkanoate (PHBV). Eur. Polym. J. 2013, 49, 904–913. [CrossRef]

10. Li, S.Y.; Dong, C.L.; Wang, S.Y.; Ye, H.M.; Chen, G.Q. Microbial production of polyhydroxyalkanoate block copolymer by
recombinant Pseudomonas putida. Appl. Microbiol. Biotechnol. 2011, 90, 659–669. [CrossRef]

11. Tripathi, L.; Wu, L.P.; Chen, J.C.; Chen, G.Q. Synthesis of Diblock copolymer poly-3-hydroxybutyrate -block-poly-3-
hydroxyhexanoate PHB-b-PHHx by a beta-oxidation weakened Pseudomonas putida KT2442. Microb. Cell. Fact. 2012, 11, 11.
[CrossRef]

12. Westlie, A.H.; Chen, E.Y.X. Catalyzed Chemical Synthesis of Unnatural Aromatic Polyhydroxyalkanoate and Aromatic–Aliphatic
PHAs with Record-High Glass-Transition and Decomposition Temperatures. Macromolecules 2020, 53, 9906–9915. [CrossRef]

13. Lin, Y.; Böker, A.; He, J.; Sill, K.; Xiang, H.; Abetz, C.; Li, X.; Wang, J.; Emrick, T.; Long, S.; et al. Self-directed self-assembly of
nanoparticle/copolymer mixtures. Nature 2005, 434, 55–59. [CrossRef]

14. Hu, D.; Chung, A.-L.; Wu, L.-P.; Zhang, X.; Wu, Q.; Chen, J.-C.; Chen, G.-Q. Biosynthesis and Characterization of Polyhydrox-
yalkanoate Block Copolymer P3HB-b-P4HB. Biomacromolecules 2011, 12, 3166–3173. [CrossRef]

15. Oliveira, F.C.; Dias, M.L.; Castilho, L.R.; Freire, D.M.G. Characterization of poly(3-hydroxybutyrate) produced by Cupriavidus
necator in solid-state fermentation. Bioresour. Technol. 2007, 98, 633–638. [CrossRef]

16. Luo, S.; Grubb, D.T.; Netravali, A.N. The effect of molecular weight on the lamellar structure, thermal and mechanical properties
of poly(hydroxybutyrate-co-hydroxyvalerates). Polymer 2002, 43, 4159–4166. [CrossRef]

17. Yu, J.; Chen, L.X.L. Cost-Effective Recovery and Purification of Polyhydroxyalkanoates by Selective Dissolution of Cell Mass.
Biotechnol. Prog. 2006, 22, 547–553. [CrossRef]

18. Tanadchangsaeng, N.; Yu, J. Microbial synthesis of polyhydroxybutyrate from glycerol: Gluconeogenesis, molecular weight and
material properties of biopolyester. Biotechnol. Bioeng. 2012, 109, 2808–2818. [CrossRef]

19. McChalicher, C.W.J.; Srienc, F. Investigating the structure–property relationship of bacterial PHA block copolymers. J. Biotechnol.
2007, 132, 296–302. [CrossRef]

20. Pederson, E.N.; McChalicher, C.W.J.; Srienc, F. Bacterial Synthesis of PHA Block Copolymers. Biomacromolecules 2006, 7, 1904–1911.
[CrossRef]

21. Tripathi, L.; Wu, L.-P.; Meng, D.; Chen, J.; Chen, G.-Q. Biosynthesis and Characterization of Diblock Copolymer of P(3-
Hydroxypropionate)-block-P(4-hydroxybutyrate) from Recombinant Escherichia coli. Biomacromolecules 2013, 14, 862–870.
[CrossRef]

22. Kageyama, Y.; Tomita, H.; Isono, T.; Satoh, T.; Matsumoto, K. Artificial polyhydroxyalkanoate poly [2-hydroxybutyrate-block-3-
hydroxybutyrate] elastomer-like material. Sci. Rep. 2021, 11, 22446. [CrossRef]

23. Nakaoki, T.; Yasui, J.; Komaeda, T. Biosynthesis of P3HBV-b-P3HB-b-P3HBV Triblock Copolymer by Ralstonia eutropha. J. Polym.
Environ. 2019, 27, 2720–2727. [CrossRef]

24. Li, Z.B.; Yang, J.; Loh, X.J. Polyhydroxyalkanoates: Opening doors for a sustainable future. NPG Asia Mater. 2016, 8, 20. [CrossRef]
25. Meng, D.C.; Shen, R.; Yao, H.; Chen, J.C.; Wu, Q.; Chen, G.Q. Engineering the diversity of polyesters. Curr. Opin. Biotechnol. 2014,

29, 24–33. [CrossRef]
26. Müller, A.J.; Arnal, M.L.; Balsamo, V. Crystallization in Block Copolymers with More than One Crystallizable Block. In Progress in

Understanding of Polymer Crystallization; Reiter, G., Strobl, G.R., Eds.; Springer: Berlin/Heidelberg, Germany, 2007; pp. 229–259.
27. Samui, A.B.; Kanai, T. Polyhydroxyalkanoates based copolymers. Int. J. Biol. Macromol. 2019, 140, 522–537. [CrossRef]
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49. Petrović, Z.S.; Javni, I.; Divjaković, V. Structure and physical properties of segmented polyurethane elastomers containing
chemical crosslinks in the hard segment. J. Polym. Sci. Part B Polym. Phys. 1998, 36, 221–235. [CrossRef]

50. Ishida, M.; Yoshinaga, K.; Horii, F. Solid-State 13C NMR Analyses of the Microphase-Separated Structure of Polyurethane
Elastomer. Macromolecules 1996, 29, 8824–8829. [CrossRef]

51. Stern, T. Hierarchical fractal-structured allophanate-derived network formation in bulk polyurethane synthesis. Polym. Adv.
Technol. 2018, 29, 746–757. [CrossRef]

52. Li, G.; Li, P.; Qiu, H.; Li, D.; Su, M.; Xu, K. Synthesis, characterizations and biocompatibility of alternating block polyurethanes
based on P3/4HB and PPG-PEG-PPG. J. Biomed. Mater. Res. Part A 2011, 98, 88–99. [CrossRef]

53. Desai, S.; Thakore, I.M.; Sarawade, B.D.; Devi, S. Effect of polyols and diisocyanates on thermo-mechanical and morphological
properties of polyurethanes. Eur. Polym. J. 2000, 36, 711–725. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/ma012223v
https://doi.org/10.1163/156856209X452962
https://doi.org/10.1016/j.biomaterials.2008.12.078
https://doi.org/10.1002/pi.2797
https://doi.org/10.1021/sc400340p
https://doi.org/10.1021/bm050234g
https://doi.org/10.1016/j.polymdegradstab.2022.110123
https://doi.org/10.1021/acs.macromol.2c02513
https://doi.org/10.1002/jbm.a.34732
https://doi.org/10.1038/nprot.2012.055
https://doi.org/10.1021/ma60018a005
https://doi.org/10.1016/S0032-3861(00)00011-2
https://doi.org/10.1002/(SICI)1099-0488(19980130)36:2&lt;221::AID-POLB3&gt;3.0.CO;2-U
https://doi.org/10.1021/ma960053u
https://doi.org/10.1002/pat.4180
https://doi.org/10.1002/jbm.a.33100
https://doi.org/10.1016/S0014-3057(99)00114-7

	Introduction 
	Materials and Methods 
	Materials 
	Block Copolymer Synthesis 
	Drying of Glassware, Solvents and PHBV Reagents 
	Experiment #1: Two-Step Synthesis of PHBV-b-PHBV Multi-Block Copolymer 
	Experiment #2A: One-Step Synthesis of PHBV-b-PHBV Multi-Block Copolymers 
	Experiment #2B: One-Step Synthesis of PHBV-b-PHBV Multi-Block Copolymers with Longer Reaction Time 

	Preparation of PHBV Films by Solvent Casting 
	Solubility Assessment for As-Produced Block Copolymeric Products 
	Material Characterization 
	Gel Permeation Chromatography (GPC) 
	Nuclear Magnetic Resonance Spectroscopy (NMR) 
	Differential Scanning Calorimetry (DSC) 


	Results and Discussion 
	Molecular Weight and Functional Groups of the Reaction Products 
	Two-Step Synthesis (Experiment #1) 
	One-Step Synthesis (Experiment #2A and 2B) 

	Thermal Properties of As-Synthesised Block Copolymers 

	Conclusions and Outlook 
	References

