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The ring-opening polymerization (ROP) of cyclic esters using multifunctional initiators is an efficient method-
ology that allows the preparation of polyesters with well-defined architectures. Here a series of star-shaped poly
(p-hydroxybutyrates) (PHBs) has been synthesized by ROP of f-butyrolactone (BBL) with an amido-oxazolinate
zinc catalyst. The star-shaped structure is constructed via a core-first approach, in which several bio-based
multifunctional alcohols serve as the initiator for ROP. Specifically, three-, four-, and multi-armed star poly-
mers are obtained and characterized by various techniques including NMR, GPC, TGA, and DSC, and the
incorporation of the core structure in the star-shaped PHBs has been confirmed. The thermal properties can be
modified by changing the arm number and arm length of PHBs, and the thermal stability decreases as the number
of arms increases when they have the same arm lengths. The wetting behavior determined from AFM studies
demonstrates a minimum in the macroscopic contact angle as a function of the number of arms of a star-shaped

PHB.

1. Introduction

Aliphatic polyesters such as poly(hydroxyalkanoates) (PHAs) have
recently received much attention as environmentally friendly materials,
and have been widely used in a variety of applications ranging from
packaging to medicine.[1,2] One of the subclasses, poly(s-hydrox-
ybutyrates) (PHBs), has emerged as alternative materials to petroleum-
based plastics due to their biodegradability, biocompatibility, and
enhanced thermal and mechanical properties.[3] PHBs produced natu-
rally by microorganisms have a highly isotactic and crystalline structure
that leads to a high melting temperature (Ty,).[4,5] The most convenient
synthetic method for PHBs is the ring-opening polymerization (ROP) of
p-butyrolactone (BBL) with a catalyst, which has the advantage of pro-
ducing polymers with well-controlled molecular weight (M) and nar-
row dispersity (P).[6-9] As an abundant and biocompatible metal, Zn-
based catalysts bearing various ancillary ligands have displayed high
activity for the synthesis of a number of different biodegradable poly-
esters in general[10-17] and PHBs from ROP of BBL in particular.
[18-21]
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In recent years, increasing efforts have been directed to polymers
with unique structures and topological properties that are otherwise
inaccessible in the case of linear polymers. Because of their peculiar
morphologies and the higher functional group concentrations, the star-
shaped polymers may have different properties such as smaller hydro-
dynamic radii, lower viscosities, and suitable thermal properties for
biomedical and drug delivery applications.[22-26] Hillmyer and co-
workers recently reported a series of multi-arm star poly(lactide)s
(PLA) that was better than the linear analogue in preparing expanded
PLA foams with low densities.[27] The synthetic routes for star-shaped
polymers can be generally classified into the “core-first”, “arm-first”,
and “grafting-onto” approaches.[28] Among them, the “core-first”
approach has been extensively used for producing well-defined multi-
armed polymeric architectures with a range of predefined numbers in
the multi-functional initiators.[29-31] The use of multifunctional al-
cohols as initiators and/or chain transfer agents offers advanced archi-
tectures with properties inherited from the functional moieties.[32]
Despite the intensive interest in these architectures, detailed studies of
star-shaped PHBs generated through ROP of BBL are rare.[33,34]
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Scheme 1. Synthesis of star-shaped PHBs with various initiator core structures.

Previously, we have shown that amido-oxazolinate zinc complexes
are efficient catalysts for the controlled ROP of BBL in the presence of
mono- and bifunctional alcohols, resulting in the formation of linear
PHBs with well-defined end groups, whereas high molecular weight
cyclic PHBs are produced in the absence of an alcohol.[35] Built on these
results, herein we report a series of star-shaped PHBs with different
initiator core structures (Scheme 1). Glycerol (GLY) and pentaerythritol
(PE) were used to form three- and four-armed stars, and high func-
tionality polyols such as methoxylated sucrose soyate polyol (MSSP) and
hydroxylated sucrose soyate (HSS) were employed to produce multi-
armed stars. All these core initiators are and/or can be derived from
biorenewable resources. Glycerol is a major byproduct in biodiesel in-
dustry,[36] and PE has been prepared by condensation of bio-sourced
acetaldehyde[37] with formaldehyde. Sucrose esters of unsaturated
fatty acids, the precursor for MSSP and HSS, were developed by
combining carbohydrates and plant oils[38] and have been utilized as
thermosetting materials and drug delivery platform.[39,40] The ob-
tained polymers were thoroughly characterized and investigated for
their thermal and wetting properties by various techniques. The effect of
the number and the length of the arms were studied and compared with
the linear PHBs since it was expected that branched architectures might
have different features.

2. Experimental section
2.1. Materials and methods

All reactions involving air- and/or moisture-sensitive compounds
were performed under a dry nitrogen atmosphere using standard
Schlenk line and glovebox techniques. CDCl;3 was purchased from
Cambridge Isotope Laboratories and distilled over CaH; and degassed
prior to use. THF (HPLC grade, Fisher Scientific), dichloromethane,
hexane and acetone (Sigma-Aldrich) were purchased commercially and
used as received. Toluene was distilled under nitrogen from Na/
benzophenone. -Butyrolactone (BBL) was distilled over CaH; following
three freeze-pump-thaw cycles. Glycerol was dried over activated

molecular sieves (4 i\) prior to use. Pentaerythritol was dried under
vacuum overnight. Methoxylated sucrose soyate polyol (MSSP) and
hydroxylated sucrose soyate (HSS)[41] were obtained according to the
literature and determined to have ~ 12 and ~ 24 hydroxyl groups,
respectively (see Scheme 1 for their structures). They were diluted in dry
toluene and stored with pre-activated 4 A molecular sieves. The zinc
catalyst Zn-1 was synthesized according to the literature.[42,43]

NMR spectra (1D and 2D) were recorded on a Bruker AVANCE 500
NMR spectrometer and referenced to the residual peaks of CDCl3. Gel
permeation chromatography (GPC) analysis was performed on a Varian
Prostar instrument equipped with a PLgel 5 ym Mixed-D column, a
Prostar 355 RI detector, and THF as eluent at a flow rate of 1 mL/min
(20 °C). Polystyrene standards were used for calibration. Thermal
gravimetric analysis (TGA) was performed on an SDT Q 600 instrument
at a flow rate of 100 mL/min of Ny (furnace purge gas). The samples in
aluminum oxide (Al,O3) cups were heated from 30 to 600 °C with a
ramp rate of 20 °C/min. Advantage software was used to analyze the
TGA data. Differential scanning calorimetry (DSC) was performed on a
PerkinElmer Jade differential scanning calorimeter with a 20.0 °C/min
heating rate from —20 °C to 160 °C under 20 mL/min nitrogen flow. The
instrument was calibrated using zinc and indium standards. DSC data
was analyzed using Pyris V9.0.2 software.

2.2. General procedure for star-shaped PHBs

All catalytic reactions were performed under an inert atmosphere,
and a representative procedure with glycerol is described here in detail.
In a glovebox under dry nitrogen, an oven-dried 10 mL Schlenk flask
with a stir bar was charged with zinc catalyst (3 equiv, based on the arm
number), glycerol initiator (1 equiv), BBL (300 equiv, [100 equiv x arm
number]), and toluene (so that the total volume was 4.0 mL). The flask
was capped and taken out, and then heated in an oil bath at 100 °C until
the complete conversion of BBL was observed by H NMR spectroscopy.
After removal of the volatile components under vacuum, the resulting
residue was dissolved in DCM (1-3 mL), followed by addition of hexane
(4-5 mL). The precipitation of the polymeric product was facilitated by
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Table 1
ROP of rac-p-butyrolactone using catalyst Zn-1 with glycerol.™
Entry Zn/Gly/BBL [BBL] /M Time M, (Caled)” M,(NMR)* M,(GPC)! p? Yield %
1 3:1:30 0.14 60 min 2.7 2.7 n.d. n.d. 78
2 3:1:300 1.40 60 min 25.9 25.3 6.7 1.31 82
3 3:1:600 2.81 80 min 51.7 60.4 16.6 1.38 86
4 3:1:1200 5.62 90 min 103.4 104.5 27.8 2.02 90
5 3:10:600 2.81 80 min 5.3 6.5 6.1 1.29 88
6 3:20:600 2.81 90 min 2.7 2.9 n.d. n.d. 84

@ Polymerizations were run in toluene at 100 °C, and monitored by NMR until all BBL was consumed (100% conversion). The molecular weights are reported in kg/
mol and the yields refer to isolated yields of PHBs. n.d.: not determined. °Calculated on the basis of conversion and catalyst/initiator loading. “Determined by the end-
group,/main-chain ratio in *H NMR. ‘Determined by GPC calibrated with polystyrene standards in THF without correction.
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Fig. 1. 'H NMR spectrum of the PHB with glycerol core (Table 1, entry 6).

cooling the flask briefly in liquid nitrogen, and the supernatant was
decanted. After purification, the polymer was dried in a vacuum to
constant weight to determine the yield and characterized by various
techniques,

2.3. AFM experiments

The atomic force microscopy (AFM) was performed on an ez-AFM
instrument from Nanomagnetics Inc. A series of star-shaped PHBs with
arm length of ~ 100 repeating monomer units were selected for AFM
studies. Dilute solutions of polymers were prepared in acetone. The
solutions were spin-coated on freshly cleaved mica surfaces. All the AFM
images were measured in tapping mode at room temperature under
ambient conditions. Gwiyddion software was used to process and
analyze all AFM images.[44]

3. Results and discussion
3.1. ROP of BBL with glycerol

A three-armed star-shaped PHB having hydroxyl end groups was first
synthesized by ROP of BBL initiated from glycerol as the tri-functional
initiator in toluene at 100 °C with catalyst Zn-1, following the stan-
dard conditions employed in the previous study.[35] The corresponding
results at different ratios of Zn/Gly/BBL are summarized in Table 1. As

shown in Table 1, 100 % of monomer conversion was achieved within
60-90 min when the reaction was performed at different ratios of Zn/
Gly/BBL. Number average molecular weights (My) up to 103.4 kg/mol
were obtained, and good agreements between experimental (by NMR)
and calculated values were observed (Table 1, entries 1-4). On the other
hand, the lower molecular weight observed by GPC (without applying a
correction factor) can be attributed to the smaller hydrodynamic volume
of star-shaped and branched macromolecules compared to the linear
polystyrene standards.[45-47] Up to 20 equivalents of hydroxyl initi-
ating groups from glycerol (Table 1, entries 5-6) could be applied,
leading to formation of low molecular weight products, which indicated
that glycerol could act as effective chain transfer agent.

The microstructure of the PHBs with glycerol was studied by NMR
spectroscopic techniques. Fig. 1 shows a representative 'H NMR spec-
trum of the PHB obtained with a ratio of [Zn]/[Gly]/[BBL] = 3:20:600
(entry 6 in Table 1). The strong signals at 5.23, 2.59-2.47, and 1.26 ppm
could be assigned to the methine (e), methylene (d), and methyl (f)
protons, respectively, of the main chain butyrate units. A small peak h at
4.17 ppm was attributed to the methine protons of the terminal butyrate
units, and the corresponding methylene and methyl protons (peak g and
i) overlapped with the large main chain signals (peaks d and f). The
chain end hydroxyl group could be observed at 3.12 ppm. Importantly,
the small peaks at 4.12 ppm and 4.29 ppm could be assigned to the
diastereotopic methylene protons (a/a’) of the glycerol unit, while the
glycerol methine proton (b) was buried under the main chain methine
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Fig. 3. °C NMR spectrum of the PHB with glycerol (Table 1, entry 6).

signal at 5.23 ppm, but could be discerned by the off-diagonal signals in supported that glycerol was incorporated into the polymer structure as
a 2D COSY experiment (Fig. 2). The DOSY NMR of a Gly 3-1-30 sample the core and all three hydroxyl groups served as the initiators. Although
showed that the glycerol methylene signals around 4.2 ppm aligned with both primary and secondary hydroxyl groups with different reactivity
the main chain PHB components (Figure S14). These observations are present in glycerol, once the initial propagation at the primary OH
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Table 2
ROP of rac-B-butyrolactone using catalyst Zn-1 with pentaerythritol.™
Entry Zn/PE/BBL Time M, (Calcd)’ M,(NMR)° M, (GPC)? p Yield %
1 4:1:40 1h 3.6 3.4 1.4 1.20 68
2 4:1:100 1h 8.7 9.5 2.4 1.32 75
3 4:1:400 1h 34.6 42.6 14.3 3.07 84
4 4:1:800 1.5h 69.0 69.1 21.4 2.10 88
5 4:10:800 4h 7.0 17.4 15.9 1.15 86
6 4:50:800 3h 1.5 1.0 n.d. n.d. 67

@ Polymerizations were run in toluene at 100 °C and monitored by NMR until all BBL was consumed (100% conversion). The molecular weights are reported in kg/
mol and the yields refer to isolated yields of PHBs. n.d.: not determined. °Calculated on the basis of conversion and catalyst/initiator loading. “Determined by the end-
group/main-chain ratio in 'H NMR. “Determined by GPC calibrated with polystyrene standards in THF.

takes place, the propagating ends become secondary, so all three hy-
droxyl groups would have comparable activity for enchainment. The
structural assignment was also supported by 3C NMR spectroscopy
(Fig. 3). Besides the carbon signals attributed to the main chain and the
chain end resonances of the butyrate units,[35] the peaks a/a’ and b at
61.29 and 68.26 ppm could be assigned to methylene and methine
carbons of the glycerol moiety, respectively, which are supported by
1H-13C HETCOR NMR spectrum (Figure S2). Furthermore, the two
peaks of roughly equal intensity at the carbonyl region (inset, Fig. 3)
suggest the PHB is atactic, consistent with earlier observations with such
zinc catalysts.[35] The ESI-MS analysis (Figure S3) of a glycerol-
initiated PHB (Table 1, Entry 1) showed a dominant series of peaks at
89 + 86n + 3H + 18 that could be assigned to C3HsO3 + n(C4HgO2) +
3H + NH4" structure, consistent with the NMR assignments. These ob-
servations indicated that all three hydroxyl groups of glycerol effectively
initiated ROP of BBL as the star core with PHB arms.

3.2. ROP of BBL with pentaerythritol

Four-armed star-shaped PHBs were prepared following a similar
procedure. Thus, pentaerythritol (PE) was used as a tetra-functional
initiator, whereas the hydroxyl end groups of the PE core initiated
ROP of BBL, and the results are summarized in Table 2. In most cases
complete conversions were achieved within 1 h, and the resulting PHBs
were largely atactic, as determined by inverse gated 13C NMR. As
observed before, relatively narrow dispersities (b 1.15-1.34) were ob-
tained, and theoretical and experimental molecular weights by NMR
exhibited a reasonable agreement, while the GPC (Figure S13) deter-
mined molecular weights were lower. Furthermore, higher loading of
alcohol (up to 12 equivalents of PE vs catalyst) could be employed, and
the molecular weights of the polymers decreased according to the
initiator/Zn ratios, indicating that alcohols also acted as chain transfer
agents in the reaction. This provided a way to control the molecular
weights by changing the Zn/alcohol ratios. A conversion-time profile of
the four-armed PHBs formation (Figure S9) suggested that the reaction
approximately followed the first order kinetics, and the number of
propagation chains remained constant throughout the reaction.[30]

The 'H NMR analysis (Figure S4) of a representative sample ([Zn]/
[PE]/[BBL] = 4:1:400) revealed the presence of methylene resonance at

4.09 ppm (peak a) corresponding to the PE moiety, and the chain end
was characterized by a terminal hydroxybutyrate unit featuring a singlet
at 4.17 ppm (peak h) for the methine protons and a doublet at 3.09 ppm
for hydroxyl protons (peak j), which confirmed the presence of the PE
unit as the central core. The ratio of the integrations of the 3.09 ppm
peak (the butyrate hydroxyl, 4H) vs the 4.1 ppm peak (PE methylene,
8H; and the butyrate chain end methine CH, 4H) was approximately
4:12, in agreement with them being the four ends of the chain. The
presence of the PE core was also supported by the 13C NMR spectrum
(Figure S5), where two signals at 62.3 ppm (CCHy) and 43.5 ppm (CCH3)
were observed. Together, these observations supported that the PE unit
was incorporated into the core and the polymer end groups were
hydroxybutyrate. As in the cases of diol initiators,[35] the presence of a
small amount of olefin end groups were sometimes observed as a result
of the dehydration of hydroxyl groups.

3.3. ROP of BBL with high functionality polyols

In addition to the glycerol and PE cores, branched methoxylated
sucrose soyate polyol (MSSP) and hydroxylated sucrose soyate (HSS),
considered as highly functional bio-based polyols, were used as the
macromolecular initiators for the ROP of BBL to obtain the star-shaped
PHBs. Biobased polyols such as methyoxylated epoxidized sucrose
soyate (MSSP) have been employed to give polyurethanes having higher
modulus, hardness, and glass transition temperatures (Ty) compared to
soy-based and petroleum-based polyols.[48-50] Herein, we show that
these polyols can act as a central core to create well-fashioned star
polyesters.

The polymerization of BBL was carried out with MSSP in the pres-
ence of catalyst Zn-1 in toluene at 100 °C as shown earlier. The results of
the polymerization using different amount of BBL monomer are pre-
sented in Table 3. BBL in most of the reactions was completely consumed
within 60 min, and the isolated yields of the polymers were typically
60-90 % (Table 3, entries 1-4). In a similar manner, star-shaped PHBs
were synthesized by ROP in the presence of catalyst Zn-1 and HSS as the
core initiator (Table 3, entries 5 and 6), and polymers with higher arm
numbers and different chain lengths could be obtained in good yields.
However, the resultant molecular weights in these cases were smaller
than the molecular weights calculated from conversion and catalyst

Table 3
ROP of rac-B-butyrolactone using catalyst Zn-1 with MSSP and HSS.™
Entry Zn/1/BBL Time M, (Calcd)’ M,(NMR)* M,(GPC)? p? Yield %
1 12:1:120 60 min 13.4 9.1 9.3 1.20 58
2 12:1:1200 60 min 106.3 35.4 38.4 1.78 74
3 12:1:2400 60 min 209.6 169.9 132.8 1.27 82
4 12:1:4800 90 min 416.3 38.5 25.0 1.25 89
5¢ 24:1:240 60 min 23.6 8.8 n.d. n.d. 67
6° 24:1:2400 180 min 209.5 71.8 n.d. n.d. 78

@ Polymerizations were run in toluene at 100 °C, and monitored by NMR until all BBL was consumed (100% conversion) except for entry 2, where 90% conversion
was noted. The molecular weights are reported in kg/mol and the yields refer to isolated yields of PHBs. n.d.: not determined. *Calculated on the basis of conversion
and catalyst/initiator loading. “Determined by the end group/main chain ratio in 'H NMR. “Determined by gel permeation chromatography calibrated with poly-

styrene standards in THF. °HSS was used as the core.
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Table 4

Thermal properties of star-shaped PHBs.® ™
Entry Polymers Tsw  Tsow  Tosw  Tmax Ty
Table 1, entry 2 Gly 3-1-300 256 310 388 311 5.3
Table 1, entry 3 Gly 3-1-600 277 297 300 302 8.0
Table 1, entry 4 Gly 3-1-1200 151 310 322 312 -2.6
Table 1, entry 5 Gly 3-10-600 256 296 317 302 4.9
Table 1, entry 6 Gly 3-20-600 255 310 386 310 —6.4
Table 2, entry 2 PE 4-1-100 N/A N/A N/A N/A 5.6
Table 2, entry 3 PE 4-1-400 272 291 352 292 8.3
Table 2 entry 4 PE 4-1-800 279 294 296 300 7.6
Table 2, entry 5 PE 4-10-800 245 277 295 281 5.4

MSSP 12-1-1200 254 278 497 281 6.0
MSSP 12-1-2400 262 290 294 299 1.4
MSSP 12-1-4800 267 291 301 302 2.5
HSSP 24:1:2400 238 283 286 284 n.d.

Table 3, entry 2
Table 3, entry 3
Table 3, entry 4
Table 3, entry 6

“Temperatures in °C. ng were determined from the second heating cycle in DSC.
T 50, T_50%, and T_gs, refer to the temperatures at which 5%, 50%, and 95%
weight losses were observed in TGA, respectively. Ty refers to the tempera-
tures at which the maximum rate of weight loss occurs.

loading. The dispersities (B = 1.09-1.87) were relatively broad, which
can be attributed to the fact that there is a distribution of functionalities
in MSSP and HSS.[47]

A representative 'H NMR spectrum of the star-shaped PHBs obtained
with MSSP as a central core is shown in Figure S7. Besides the main
chain butyrate signals at 1.26, 2.45 and 2.59, and 5.25 ppm (peak f, d,
and e, respectively) and the methine protons of the chain end at 4.18
ppm, there are additional signals that match the MSSP core structures.
For instance, the peak at 3.38 ppm (peak n) can be assigned to the
methoxy protons of the central core, whereas the methine protons (peak
m’) adjacent to the oxygen of the ester groups show signals at 4.26 ppm.
Moreover, the triplet signal (peak a) at 0.87 ppm corresponds to the
terminal methyl protons of the MSSP core. Similarly, the resonance
peaks of the butyrate repeating units of PHBs and the HSS core were
clearly observed in the 'H NMR spectrum of the star polymers synthe-
sized with HSS (Figure S8). These results provide evidence that MSSP
and HSS had been incorporated with the hydroxybutyrate to form the
star-shaped PHBs.

3.4. Thermal properties

Commonly, star-shaped polymers with a higher arm number and arm
length exhibit faster thermal decomposition and noticeably lower
thermal transition when compared with their linear counterparts with
the same monomer/initiator ratio.[46] With the use of the same
monomer/initiator ratio, the glass transition temperature (T) and the
temperature of maximum decomposition (Tyax) of the star-shaped PHBs
decreased as either the arm numbers increased, or the arm lengths
decreased.[51,52] To study the effects of the arm number and arm
length on thermal properties, the differential scanning calorimetry

15
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(DSC) and thermogravimetric analysis (TGA) methods were conducted
on the prepared star-shaped PHBs, and the characteristic results are
summarized in Table 4.

The T, values of star PHBs with glycerol and PE as the core were
found to be comparable to that of linear PHBs. For instance, the T of
star-shaped PHB with glycerol as the core was 8.0 °C, comparable to the
linear PHBs with similar length of repeating units. When the arm
numbers increased with the use of MSSP as a core, the T; decreased to
1.4 °C. As shown in Fig. 4, the Ty shifted to lower temperatures as the
arm numbers increased. These results demonstrated that arm number of
polymers can affect the Ty values. Furthermore, the arm lengths could
also play a role in determining the T of PHBs. Herein, the Ty of the star-
shaped PHBs with the same arm numbers but different arm lengths, were
investigated and exhibited lower T, value when the arm lengths
decreased, as shown in Figures S10-S12. These observations provide
support that the thermal properties of PHBs could be modified by
changing the arm number and arm length of PHBs.

The thermal stability of the star-shaped PHBs was analyzed by TGA
in the temperature range of 30-600 °C. Fig. 4 shows a comparison of the
thermal decomposition temperature of the synthesized PHBs with
different arm numbers. The TGA data (Table 4) and thermograms
indicated that the onset (T.50,) and the maximum decomposition (Tpay)
of the star-shaped PHBs were lower than those of linear and cyclic PHBs.
This reduced thermal stability may be related to the increase of

4 um

Fig. 5. AFM phase images of macroscopic droplets formed from star PHBs with
GLY (a), PE, (b), MSSP (c), and HSS (d) cores.
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Fig. 4. DSC (left) and TGA (right) thermograms of star-shaped PHBs.
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Table 5
Average height, radius and contact angle of the polymer droplets on mica.

Polymer Average Height Average Radius Average Contact Angle
(nm) (um) (degrees)
GLY 3-1-300 129 0.30 4.56 + 1.75
PE 4-1-400 8.54 0.53 1.81 +£0.52
MSSP 12-1- 29.7 0.67 1.97 £ 0.61
1200
HSS 24-1- 21.2 0.43 4.20 +1.83
2400
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Fig. 6. The macroscopic contact angle vs. the number of arms.

thermally unstable hydroxyl end groups.[51]. The decomposition
showed a single stage profile, and the MSSP-derived PHBs exhibited the
lowest thermal decomposition temperature among the three. Compar-
atively, the thermal stability of the obtained PHBs decreased in the order
PHB-glycerol > PHB-PE > PHB-MSSP, although they have the same arm
lengths.

3.5. AFM studies

The morphology of a series of star-shaped PHBs on hydrophilic mica
surface was studied with AFM under ambient conditions. In the AFM
images (Fig. 5), we observed the formation of macroscopic droplets, and
the height (H), and radius (Rp) of the droplets are summarized in
Table 5. For GLY (3-1-300), in addition to macroscopic droplets, we
observed a collection of smaller droplets with diameters of a couple of
hundred nanometers. The formation of the smaller droplets indicates
that its wetting process resembles that of linear polymers.[53]

The ability to control wetting is crucial for several technological
applications such as protective coatings, lubricants, and sensors. Here
we focus on the wettability of these star-shaped polymers to investigate
the correlation between the number of arms (f) and the wettability. The
macroscopic contact angles, 6, of the macroscopic droplets were

extracted using the relation tan (%'“) = H/Rp, and plotted against the

number of arms in the polymers (Fig. 6). As can be seen, 0, drops
sharply first and then increases as the number of arms increases, similar
to the observation with a series of star-shaped polystyrenes.[54] The
wetting behavior of star-shaped molecules is determined by two
competing factors. The wettability increases as the number of arms in-
creases because, for large f, the decrease in entropy is less significant
upon adsorption. On the other hand, an increasing number of arms
causes opposing soft steric entropic repulsion which limits the proba-
bility of polymers being adsorbed and forming close-packed droplets
onto surfaces. These competing effects lead to a minimum in the
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macroscopic contact angle as a function of the number of arms of a star-
shaped polymer.

4. Conclusions

In summary, a series of biodegradable and well-defined star-shaped
PHBs with different arm numbers and arm lengths were successfully
synthesized using Zn catalyzed ROP of BBL in the presence of polyol
initiators. The efficient initiation by the three, four-, and multi-armed
cores was confirmed by the NMR analysis. The thermal properties
such as Ty and Tpax of the obtained star-shaped PHBs depended upon
their arm numbers as well as their arm lengths, and the wetting behavior
could be correlated to the arm numbers. Future research will focus on
expanding this methodology to include the incorporation of other
monomers.
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