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A B S T R A C T   

The replacement of fossil-derived plastics with those obtained from bio-based resources, which present suitable performance to be employed as commodity plastics is 
currently an important field of research, given the urgent need to transition from a fossil-based to a more sustainable economy. In this context, this work is focused on 
the application of a catalytic system based on silsesquioxane-cyclopentadienyl titanium complexes for the preparation of bio-based polymers, which can be used as 
additives to improve the poor material properties of a biodegradable polymer such as poly(lactic acid) (PLA). These titanium complexes, when activated with 
methylaluminoxane or with triflate salts, are shown to be capable of the polymerization of two bio-based monomers: myrcene and anethole. It is notable that 
polymerizations with these two distinct monomers take place through different mechanisms. The resulting polymyrcene (PMy) and polyanethol (PAN) have been 
applied as modifiers for PLA. Binary blends of PMy and PLA exhibited a considerable decrease in Tg and the promotion of PLA crystallization for a PMy content below 
15 wt%. The mechanical properties of the PLA/PMy blends also displayed plasticization, with a decrease in the elastic modulus and enhanced plasticity, which 
resulted in less fragile systems compared to pure PLA. Morphological analysis has indicated a partially miscible, phase-separated system with micron-sized domains. 
In contrast, PAN completely inhibited PLA crystallization and the PLA/PAN blends were immiscible, but well-dispersed, a phase-separated system was obtained in 
solvent-casting film preparation with very small PAN domains. The blends showed higher tensile modulus than pure PLA and an absence of plastic behaviour, 
resulting in more fragile systems upon the addition of PAN to PLA.   

1. Introduction 

The production and disposal of fossil-based plastics is widely 
recognized as a significant environmental problem worldwide. To partly 
address this issue, there has been a growing trend in recent years to
wards the use of renewable feedstocks as a more sustainable source for 
polymer production [1]. Polylactide (PLA), a biodegradable and 
low-cost polymer derived from sugarcane, has attracted significant 
attention as a potential alternative to traditional fossil-based plastics. 
PLA has several advantages, including biodegradability and a reduced 
carbon footprint, making it a promising option for a wide range of ap
plications, such as packaging, textiles, and medical implants. As the 
demand for environmentally friendly materials continues to grow, the 
development and utilization of sustainable polymers like PLA will play 

an increasingly important role in reducing the environmental impact of 
plastic production and waste. Although PLA is one of the most promising 
alternatives to fossil-based plastics, its mechanical properties and pro
cessability are not always optimal, so an important goal is to improve 
them by the addition of suitable additives during processing and 
manufacturing. To address these challenges, researchers have investi
gated the use of a range of additives, including plasticizers, impact 
modifiers, and fillers, with the aim of enhancing the properties of PLA 
and expanding its range of applications [2,3]. 

Myrcene is a terpene (Fig. 1, left) found in essential oils of plants such 
as dill, thyme, and rosemary, that has a structure like butadiene, and its 
polymerization can provide polymyrcene (PMy) which has similar 
elastic properties to those shown by polybutadiene, and therefore it can 
be considered a bio-based elastomer. β-myrcene has previously been 
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studied as a monomer or comonomer for anionic [4,5] and radical po
lymerizations [6]. However, to date, few reports describe controlled 
polymerization of this monomer [7–11], achieving stereospecific poly
merization of β-myrcene. These limited contributions are mainly based 
on lanthanide catalytic systems [12–14]. Meanwhile, anethol is an ar
omatic compound (Fig. 1, right) found in anise, fennel, and star anise, 
that contains a vinylic functionality and a p-methoxy group. The cor
responding polymer that can be obtained has a polystyrene structure but 
with pendant polar functional groups, making the polymerization of this 
substrate highly interesting. However, to the best of our knowledge, 
reports relating to successful homopolymerization of anethol are rather 
scarce to date [15]. 

In view of the excellent behavior previously shown by the mono
cyclopentadienyl titanium compounds in catalysts [16,17], we sought to 
apply these robust silsesquioxane-cyclopentadienyl titanium complexes, 
[Ti(h5-C5H4SiMe2OPh7Si7O11-k2O2)Cl] (1) [18,19] (Fig. 2), as 
pre-catalysts for the polymerization of both myrcene and anethol, 
through either a Ziegler-Natta or a cationic mechanism, respectively. 
The geometric and stability properties of 1 make it an excellent candi
date for controlled polymerization processes and, therefore to obtain 
polymers with a significant potential for manufacturing valuable 
bio-based polymeric products, which is the primary target on the 
gradually replacement of the fossil-based polymers. Furthermore, it is 
foreseen that any oligomers obtained could be used as additives to 
improve the properties of other materials such as PLA [20,21]. 

In this study, we report the results obtained from the polymerization 
of myrcene and anethole using the silsesquioxane-cyclopentadienyl ti
tanium complex, [Ti(η5-C5H4SiMe2OPh7Si7O11-κ2O2)Cl] as pre-catalyst 
(Fig. 2). The resulting polymers have been fully characterized whilst 
their potential as additives for improving the properties of PLA has been 
evaluated, with the morphological and mechanical properties of the 
resulting blends studied. The relevance of the results achieved could 
provide new insights into the controlled polymerization of bio-based 
monomers and the application of the resulting polymers to generate 
valuable bio-based polymeric products. 

2. Experimental section 

2.1. General procedures and materials 

Air- and moisture-sensitive compounds were manipulated under an 
argon atmosphere using standard Schlenk techniques or in an MBraun 
glovebox. All glassware was stored in an oven at 80 ◦C prior to use. 

Modified methylaluminoxane (MMAO; 7 wt% solution in toluene; 
Merck) was used as received. β-myrcene (≥95%) and anethole was 
purchased from Merck and used after distillation. The titanium complex 
[Ti(η5-C5H4SiMe2OPh7Si7O11-κ2O2)Cl] (1) was synthesized as previ
ously described in the literature [22]. AgSO3CF3 and SiMe3SO3CF3 were 
purchased from Fisher Scientific and used as received. 

Poly(lactic acid) (PLA) 2003D, with a density of 1.24 g cm− 3, a 
molecular weight (Mw) of ca. 2.3 × 105 g mol− 1, and a Melt Flow Index 
(MFI) of 6 g ⋅ 10 min− 1 (210 ◦C, 2.16 kg) was supplied by Nature 
Works®, USA and was used as received. 

Microanalyses (C,H, N, S) were performed on PerkinElmer CHNS/O 

2400 or Leco CHNS-932 microanalyzers. 
1H and 13C NMR spectra were recorded at 25 ◦C with a Bruker AV400 

spectrometer (1H NMR at 400 MHz, 13CNMR at 100.6 MHz, 29Si NMR at 
79.5 MHz, 19F NMR at 376.4 MHz), using 5 mm (o.d.) NMR tubes. 
Chemical shifts were referenced to TMS and calculated using the re
sidual isotopic impurities of the deuterated solvent (CDCl3: δ = 7.26 ppm 
in 1H NMR and δ = 77.17 ppm in 13C NMR experiments). 

The number-average and weight-average molar masses (Mn and Mw, 
respectively) and polydispersities (Ð) of the polymer samples were 
determined by Size Exclusion Chromatography (SEC) at 35 ◦C with a 
1260 Infinity II high-speed liquid chromatography system (Agilent). 
Tetrahydrofuran (THF) was used as the eluent and the flow rate was set 
as 1.0 mL min− 1. Two Mixed D columns in series were used. Calibrations 
were performed using polystyrene standards. 

2.2. Preparation of [Ti(η5-C5H4SiMe2OPh7Si7O11-κ2O2)][SO3CF3] (2)  

a) To a mixture of 0.6 g of [Ti(η5-C5H4SiMe2OPh7Si7O11-κ2O2)Cl] (0.53 
mmol) and 0.14 g of AgSO3CF3 (0.54 mmol) were added 30 mL of 
dried CH2Cl2, and the reaction mixture was vigorously stirred 
overnight. The resulting suspension was filtered over celite, the 
solvent was removed under vacuum and the residue was washed 
with n-hexane (10 mL) to afford 2 as a greenish yellow solid in 89 % 
yield (0.59 g, 0.47 mmol). 

Fig. 1. Monomers used in this study.  

Fig. 2. Silsesquioxane-cyclopentadienyl titanium complex (1) employed in 
this study. 
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b) SiMe3SO3CF3 (0.2 mL, 1.10 mmol) was added to a solution of 1 (1.25 
g, 1.10 mmol) in toluene (30 mL) at room temperature using a sy
ringe. The solution was stirred until gas release was complete. The 
formed solid was collected by filtration and washed with n-hexane 
(2 × 30 mL) to provide 2 as a greenish yellow solid in 90 % yield (1.1 
g, 0.88 mmol). C50H45F3O15SSi8Ti (1246): calcd. C, 48.14; H, 3.64; 
O, 19.24; S, 2.57; found C, 47.96; H, 3.61; O, 19.31; S, 2.58.1H NMR 
(CDCl3): δ 0.53 (s, 6 H, SiMe2), 7.12, 7.26 (m, 2 × 2 H, C5H4), 7.37 
(m, 7 H, Ph), 7.48 (m, 7H, Ph-POSS), 7.70 (m, 14 H, Ph). 13C{1H} 
NMR (CDCl3): δ 1.70 (SiMe2), 126.2, 126.3, 124.4 (C5H4), 127.84, 
127.89, 127.90, 127.92, 127.95, 130.04, 130.29, 130.41, 130.46, 
130.55, 130.64, 130.67, 130.78, 130.82, 130.89, 130.96, 133.97, 
133.99, 134.08, 134.16, 134.22 (Ph). 1H–29Si HMBC: δ − 2.1 ppm 
(SiMe2), 77, 78, 79 (Si-POSS). 19F NMR (CDCl3): δ − 76 (CF3) 

2.3. Polymerization experiments 

2.3.1. Homopolymerization of myrcene 

2.3.1.1. A standard polymerization test is described. To 30 mL of a solu
tion of MMAO-12 (7 wt%) in toluene was added myrcene until a final 
volume of 55 mL was reached. The mixture was heated to the required 
temperature for 10 min, whilst being vigorously stirred. Then, a solution 
of the catalyst in toluene (5 mL), containing the required amount of 1, 
was added. The reaction was stirred for 1 h, at this temperature. The 
reaction was then quenched by adding 180 mL of an acidified solution of 
methanol (with 1% of BHT). The polymer was recovered by decantation 
and purified through several cycles of dissolution in diethyl ether and 
precipitation by adding methanol. Finally, the solvent was removed 
under vacuum until a constant weight was obtained. All reactions were 
performed using a monomer concentration of 0.6 M in toluene. 1H NMR 
of polymyrcene (CDCl3): δ 1.62 (9, 9′-H), 1.69 (6H, 10, 10′-H), 2.05 
(16H, 1, 1′, 4, 4′, 5, 5′, 6, 6′-H), 5.14 (4H, 3, 7, 3′, 7′-H). 

13C NMR of polymyrcene (CDCl3): δ 25.70 [10, 10′-C], 17.70 [9, 9′- 
C], 26.97 [4, 6, 4′, 6′-C], 30.42 [1, 1′-C], 37.09 [5, 5′-C], 131.41 [8, 8′-C], 
124.43 [3, 7, 3′, 7′-C], 139.01 [2, 2′-C]. 

2.3.2. Homopolymerization of anethol 
A flask fitted with a septum was charged, inside of a glove box, with 

0.27 g of [Ti(η5-C5H4SiMe2OR7Si7O11-κ2O2)][SO3CF3] (0.216 mmol) 
and to this was added 20 mL of dry CH2Cl2. Outside of the dry box, the 
solution was cooled to − 78 ◦C and 8 mL of anethole (54.15 mmol) were 
syringed into the flask. The cooling bath was removed, and the mixture 
was allowed to come to room temperature while the reaction was stir
red. The reaction mixture was stirred at room temperature for the 
indicated time and then the reaction was quenched by the addition of 
100 mL of wet ethanol, and the precipitated polymer was recovered by 
filtration. The crude polyanethol was then dissolved in toluene and 
precipitated by adding ethanol until a white solid was obtained. All the 
reactions were performed at a monomer concentration of 2 M in CH2Cl2. 

2.4. Preparation of the blends and characterization methods 

PLA/PAN and PLA/PMy blends were prepared by dissolving the 
polymers in CHCl3. PAN and PMy, used as bio-based additives, were 
added to the PLA matrix at different concentrations. In Table 1 the 
different blends formulations are reported. The thin films were obtained 
by a solvent casting method in a glass Petri dish and evaporated at room 
temperature under ventilation for 24 h to obtain films with a thickness of 
around 120–150 μm. The obtained samples were named emphasizing 
the respective PAN or PMy content. A pure PLA sample was prepared in 
the same way for comparison. 

The thermal properties of pure polymers and blends were obtained 
by Differential Scanning Calorimetry (DSC) analysis and by Thermog
ravimetric Analysis (TGA). Glass transition temperatures (Tg), cold 

crystallization and melting temperatures were obtained using a DSC7 
(PerkinElmer) under an ultra-high purity N2 atmosphere. Samples were 
encapsulated in aluminium pans, sealed and heated from 20 ◦C to 220 ◦C 
at 10 ◦C⋅min− 1. Cooling and subsequent heating scans were also regis
tered. The crystallinity Xc of the samples was obtained from the differ
ence between the corresponding melting, ΔHm, and the cold- 
crystallization, ΔHcc, enthalpies, using the enthalpy of a 100% crystal
line PLA polymer, ΔH0

m = 93,6 J g− 1, and accounting in each case for the 
effective amount of PLA in the blend [23]. The TGA measurements were 
carried out using a TGA55 analyzer (TA Instruments). The dynamic 
experiments were performed using around 10 mg of sample from room 
temperature to 600 ◦C at 10 ◦C⋅min− 1 under a nitrogen atmosphere 
(flow rate of 60 mL min− 1). The initial degradation temperatures (T5%) 
were determined at 5% mass loss while temperatures at the maximum 
degradation rate (Tmax) were calculated from the first derivative of the 
TGA curves (DTG). 

The compatibility of the polymers as well as the morphology of the 
samples previously sputter-coated with gold (Polaron SEM coating sys
tem, 1.4 kV–1.8 mA – 120 min, thickness » 500 Å) was studied by 
Scanning Electron Microscopy (ZEISS DSM-950 instrument) operating at 
15 kV. The polymeric blends were frozen using liquid N2 and then cryo- 
fractured to obtain the SEM micrographs of the fracture surface before 
and after etching with xylene and hexane overnight at room temperature 
for PLA/PAN and PLA/PMy blends, respectively. 

A PerkinElmer dynamic mechanical analyser DMA7 in the film 
extensional mode was used. The dynamic stress for different values of 
dynamic strain between 0.01 and 0.25 % at a frequency of 1 Hz and 
room temperature were obtained. The results obtained in the linear 
viscoelastic region allowed for measurement of the complex extensional 
modulus, E*, that it has been reported to be highly correlated to the 
Young modulus in different types of materials and composites [24]. For 
this investigation, rectangular shaped samples of about 10 mm × 5 mm 
× 0.150 mm were cut from the films prepared from solution as described 
above. 

Morphological features were studied using Polarized Optical Mi
croscopy (POM) and contact mode Atomic Force Microscopy (AFM) 
imaging of selected films fully crystalized at 120 ◦C. For POM a Nikon 
Eclipse E600POL equipped with a digital camera DXM1200 has been 
used, and for AFM imaging with a μTA™ 2990 Micro-Thermal Analyzer 
has been performed. V-shaped silicon nitride probes with cantilever 
length of 200 μm and a spring constant of 0.032 N m− 1 was used. For the 
morphological observations the polymeric films were supported on glass 
wafers. 

3. Results and discussion 

The silsesquioxane-cyclopentadienyl compound [Ti(η5-C5H4Si
Me2OPh7Si7O11-κ2O2)Cl] (1) was synthesized as previously described 
[22]. This compound has been shown to be a very active system for 
oxidation of different substrates using aqueous hydrogen peroxide as 
primary oxidant. These excellent catalytic properties have been attrib
uted to the hydrophobic pocket that the 

Table 1 
Formulations of PLA/PAN and PLA/PMy blends.  

Sample PLA (wt%) PAN2 (wt%) PMy (wt%) 

PLA 100 – – 
PLA5PAN 95 5 – 
PLA15PAN 85 15 – 
PLA20PAN 80 20 – 
PLA2PMy 98 – 2 
PLA5PMy 95 – 5 
PLA7PMy 93 – 7 
PLA10PMy 90 – 10 
PLA12.5PMy 87.5 – 12.5 
PLA15PMy 85 – 15  
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silsesquioxane-cyclopentadienyl ligand generates around the titanium 
atom, which also protects it from adventitious impurities and allow us it 
to be handle under air. This aspect, together with the well-known cat
alytic properties of monocyclopentadienyl complexes, prompted us to 
study its catalytic behaviour with the two bio-based monomers 
mentioned above; β-myrcene and anethol. 

Firstly, we studied the homopolymerization of β-myrcene in toluene, 
using the [Ti(η5-C5H4SiMe2OPh7Si7O11-κ2O2)Cl] complex, (1), as pre- 
catalyst, assisted by MMAO as co-catalyst (Table 2). To optimize the 
polymerization conditions, initially a molar ratio of 1(1):500 
(MMAO):500(My) was selected, modifying the temperature to investi
gate its effect, since it is well established that the temperature may affect 
both the process activity and the final polymer molecular weight. 
Different catalytic tests were carried out at 25, 80, and 130 ◦C. The re
sults confirmed a reduction in the polymer molecular weight as the 
temperature increases (Table 2, entries 1, 2 and 3), which indicates that 
a chain transfer processes to the Al centers of the co-catalyst are more 
favored than the propagation reaction. Therefore, the obtained results 
confirmed the influence of the temperature on the activity, reaching an 
optimal activity at 80 ◦C since, both at 25 and at 130 ◦C the yield is 
significantly lower. 

Once 80 ◦C was established as the optimal temperature, the influence 
of the monomer molar ratio was studied, observing that it had a sig
nificant effect on both the catalyst activity and the molecular weights of 
the resulting polymers. Doubling the myrcene/[Ti] molar ratio resulted 
in a dramatic decrease in catalytic activity (Table 2, entry 5 vs. 6). After 
this part of the study, the optimal catalyst/monomer molar ratio was set 
at 1/250. The next experimental parameter studied was the catalyst/co- 
catalyst ratio (Table 2, entries 5 and 7).When the catalyst/co-catalyst 
molar ratio was increased from 1:250 to 1:500, the yield was reduced 
by around three times. As a result of this complete study, the optimal 
polymerization conditions for myrcene using the catalytic system were 
selected as 80 ◦C, 1 h of reaction time, and a molar ratio of 1(1):250 
(MAO):250(My). 

The polymeric materials obtained were readily soluble in THF, which 
suggests that there is extremely limited or no cross-linking of the poly
mer chains. In all cases, NMR studies are in accordance with a pre
dominant 1,4- stereoregularity (90%; cis- ≈ 75% and trans- ≈ 25%) vs. a 
3,4- stereoregularity (10%). The signals in the range 5.0–5.2 ppm were 
assigned as the olefinic protons of the 1,4-units (cis- and trans-), whereas 
the two doublets at 4.73 and 4.76 ppm to the olefinic protons of the 3,4- 
units. Size exclusion chromatography (SEC) results for these polymers 
showed large PDI values. All these observations are in accordance with 
typical Ziegler-Natta behavior, as previously reported for similar cata
lyst systems with other olefins [14]. 

Meanwhile, the catalytic system 1/MMAO was found to be 
completely inactive for anethol polymerization, independent of the re
action conditions applied. As a result of this inactivity, we attempted a 
different strategy. Taking into account that anethol polymerization 
mainly takes place through a cationic mechanism and that triflate 

complexes of titanium have been described as suitable catalysts in 
related catalytic processes [25], new cationic triflate derivative of [Ti 
(η5-C5H4SiMe2OR7Si7O11-κ2O2)Cl] was prepared. The treatment of 1 
with 1.0 equiv. of a triflate compound, AgSO3CF3 or SiMe3SO3CF3 
cleanly affords the triflate derivative [{Ti 
(η5-C5H4SiMe2OR7Si7O11-κ2O2)}(OSO2CF3)] (2), as confirmed by NMR 
spectroscopy (Scheme 1). 

The formation of 2 is the result of the abstraction of the chloride 
ligand and the elimination of either AgCl or SiMe3Cl (Scheme 1), this 
latter compound was observed by 1H NMR when the reaction was car
ried out in a sealed NMR tube. The resulting titanium compound was 
isolated in good yield (ca. 90%), and fully characterized by NMR and 
elemental analysis. Its spectroscopic behavior follows the same trends as 
those reported for its precursor 1 [22], confirming that the backbone 
ligand skeleton remains unaltered and agreeing with the proposed 
structure in Scheme 1. The more relevant spectroscopic features are the 
downfield shift for the fluorine atoms of the triflate group (at − 77 ppm), 
in the 19F NMR spectrum, indicating a weak interaction with titanium. 
However, the downfield shift of the resonances for 2 with respect to 
those found for 1 and its complete insolubility in toluene agrees with its 
expected cationic character. 

Once 2 was synthesized and isolated, it was tested as catalyst for 
anethol polymerization. Its complete insolubility in toluene justifies its 
catalytic inactivity in such a solvent, however, when dichloromethane 
was used activity was observed. This is in agreement with the proposed 
cationic polymerization mechanism. All polymerization tests were 
thereafter performed in dichloromethane, adding the monomer at low 
temperature and then, allowing it to reach room temperature, beginning 
to measure the time from this moment. 

The resultant polymers are amorphous, and showed bimodal mo
lecular weight distributions (as measured by GPC, see Table 3). The 
latter aspect points towards the presence of two distinct active species, 
displaying different activities, with one producing high molecular 
weight PAN, which increases over time, and another producing low 
molecular weight PAN, which decreases over time [26]. However, the 
polydispersity of the two distinct polymers, remains, on the whole, 
constant (1.7–1.4 and 1.3–1.1, respectively) throughout the process. 

To study the potential application of these biopolymers, the PMy 
from Table 2, entry 5, and the PAN from Table 3, entry 9 were chosen. 
Fig. 3 shows the thermal properties of the PMy, PAN, and pure PLA 
samples selected for this study. PMy and PAN samples are amorphous, 
and display very different Tg’s. PMy shows a characteristically low Tg 
value, around – 73 ◦C, which, according to previous reports is a clear 
indication of its rubbery character [11,27–29]. In contrats, the PAN 
sample presents a very high Tg value, corresponding to a rigid polymer 
chain with aromatic groups, i.e., polystyrene family. The obtained DSC 
results show values ranging from 90 to almost 200 ◦C, due to the vari
ation in the molecular weight. This result is interesting since, these 
polymers could be included in the group of those known as high Tg 
hydrocarbon polymers. This type of material is attracting increasing 
attention, due to interesting features such as, their high service tem
perature, low dielectric constant, non-hygroscopic nature and high 
transparency [30]. As an example of such materials, poly(1-phenyl-1, 
3-butadiene) (PPB) is the hydrocarbon polymer featuring the highest 
Tg, of around 270 ◦C. 

Fig. 3c shows the DSC traces at different heating rates obtained for 
the pure PLA sample during the second heating cycle. The PLA trace 
includes the glass transition (Tg around 60 ◦C), the cold crystallization 
process (above 100 ◦C) and the multiple melting peak (140–160 ◦C). The 
two endothermic peaks observed correspond to the melting of crystals 
with different stability and perfection. The explanation for this phe
nomenon is the melting of less perfect crystals that may originate from 
metastable crystal forms as well as thin lamellae and defects in the 
crystals. When the samples undergo cold-crystallization, they form 
imperfect crystals characterized by low stability [31,32]. With the in
crease in temperature during heating, these crystals melt giving rise to 

Table 2 
Myrcene polymerization with 1/MMAO.  

Entry [Ti]/MMAO/My T (oC) Yield(%)a Mw (Kg⋅mol− 1)b Ð 

1 1/500/500 25 27 126.0 2.6 
2 1/500/500 80 40 32.8 2.3 
3 1/500/500 130 25 24.1 2.3 
4 1/250/250 25 39 119.0 2.7 
5 1/250/250 80 61 33.3 2.4 
6 1/250/500 80 18 22.6 2.4 
7 1/500/250 80 23 45.7 2.5  

a General conditions: myrcene concentration = 0.6 m, amount of 1 = 58 μmol 
(116 μmol for entries 4, 5, and 7), solvent = toluene, and reaction time = 1 h a 
myrcene yield was determined gravimetrically. 

b Experimental values of Mn and Ð obtained by GPC analysis, in THF and using 
polystyrene standards. 
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the first melting peak at the lowest temperature, though they may suffer 
a subsequent recrystallization. The second melting peak at the highest 
temperature corresponds to the melting of the crystals created during 
the recrystallization process. As is observed in Fig. 3c upon slow heating, 
rearrangement of the polymer molecules in the crystals occurs with a 
higher degree of perfection or thicker lamellae, as the additional peak 
moves to higher temperatures. Moreover, this additional peak grows at 
the expense of the melting peak at lower temperature, as the total 
enthalpic contribution, given by the difference ΔH = ΔHcc – ΔHm, re
mains nearly constant at a value of 1.5–2.0 J g− 1. The above phenomena 
are associated with the process of improvement of crystal perfection/
thickness that was possible under the conditions of low heating rates. 

Fig. 4 shows the DSC heating scans of PLA/PAN and PLA/PMy 
blends, after a previous cooling cycle at 10 ◦C⋅min− 1. The behaviour 
observed in the two series is clearly different, pointing to the definitively 
dissimilar nature of the second component. Firstly, it can be clearly 
observed that the Tg of the PLA component remains unchanged in the 
case of PLA/PAN systems. A very small decrease could be envisaged 
from the results in Fig. 4 for the blend with the highest PAN content. The 
Tg of the PAN phase is not discernible from the experimental results. 
Additionally, the cold crystallization – melting processes are closely 
supressed, and the crystal perfection/thickening already observed in 

pure PLA is absent in this series. On the contrary, in the case of PLA/PMy 
blends, a clear decrease of Tg is observed, and the cold crystallization – 
melting process is not supressed within the compositional range 
explored. Also, a decrease of the first melting peak temperature is ob
tained in this series (see Fig. 5). 

The value of the total melting enthalpy, ΔHm, remains almost con
stant within the compositional range explored. All the thermal proper
ties (Tg, Tcc, Tm and ΔHm) of the samples are listed in Table 4, and the 
evolution of the typical temperature transitions with the composition 
are plotted in Fig. 3. Thus, thermal analysis demonstrates that the 
introduction of a PMy into the PLA matrix leads to a reduction in both 
the glass transition temperature and the melting temperature of the 
crystals, and then to the PLA plasticization. 

In summary, PAN and PMy cause important differences in the crys
tallization behaviour of PLA. The effect caused by the PAN sample is 
expected, as the glass transition (Tg = 96 ◦C) is even higher than that of 
the corresponding PLA (Tg = 56 ◦C). The rigid PAN sample does not 
permit the PLA molecular chains to crystallize at the selected cooling 
rate in the experiments (10 ◦C⋅min− 1), thus PAN does not plasticize nor 
nucleate the crystals of the more mobile PLA material. On the contrary, 
the very flexible PMy material, with a very low glass transition (Tg =

− 73 ◦C) effectively plasticizes the PLA, as its glass transition and melting 
temperature decreases in the mixtures. The cold crystallization process 
is not inhibited in this case by the presence of PMy in the mixture. 

Crystallinity clearly decreases in the case of PLA/PAN blends, as DH 
decreases as PAN content increases. For PAN contents higher than 15 % 
no signs of crystallinity is detected in the DSC traces. In the case of PLA/ 
PAN blends, the crystallinity remains around 2 % even for contents of 
PMyr as high as 12.5 %. The immiscible PAN clearly inhibits crystalli
zation of PLA. On the contrary, the addition of PMyr, which is reported 
as partially miscible, does not affect to the crystallization of PLA. 

Fig. 6 shows the TGA and the DTG curves of neat PLA and PAN as 
well as their blends, while the main results are summarized in Table 4. 
Neat PLA exhibited a one-step decomposition profile as is observed in 
Fig. 6b with a Tmax around 350 ◦C. Similarly, the mass loss curve of neat 
PAN displays a single step of decomposition with a Tmax close to 400 ◦C 
indicating that both polymers undergo a single degradation reaction, 
and that PLA has lower thermal stability that PAN. It has been previously 
reported that the thermal degradation of PLA is based on a trans
esterification reaction and chain homolysis which led to the production 
of different gaseous products such as cyclic oligomers, lactide, acetal
dehyde, carbon monoxide and carbon dioxide [33]. On the other hand, 
PAN shows a thermal stability inherent to that of polystyrene probably 
with similar degradation mechanism involving the random scission of 
ester and aromatic groups to form intermediate radicals, which can leads 
to a drastic reduction of the molecular mass [34]. Moreover, regarding 
the DTG curves, the contribution of the thermal degradation of both 
homopolymers can be observed in the blends, this allows confirmation 

Scheme 1. Synthesis of the cationic triflate compound 2.  

Table 3 
Anethole polymerization with compound 2.  

Entry t (min) Yield (%)a Mw (Kg⋅mol− 1)b Ðb ω (%)c 

1 5 3 5.0 1.5 15.9 
138.0 1.3 

2 15 9 4.3 1.5 15.5 
189.0 1.4 

3 30 17 3.7 1.5 12.6 
252.4 1.5 

4 1 h 33 3.1 1.5 8.0 
702.0 1.2 

5 3 h 58 2.8 1.5 5.0 
1100.0 1.1 

6 5h 62 3.0 1.4 5.1 
1170.0 1.1 

7 7 h 64 2.9 1.5 4.8 
1208.5 1.1 

8 14 h 70 2.9 1.4 5.1 
954.2 1.1 

9 20 h 85 3.2 1.7 3.8 
1026.0 1.2 

General conditions: monomer concentration = 2 M, amount of 2 = 216 μmol, 
catalyst:anethol molar ratio 1:250, and solvent = dichloromethane. aAnethole 
yield was determined by gravimetric analysis, bExperimental values of Mn and Ð 
were determined by GPC analysis, in THF and using polystyrene standards, cw 
fraction of the high molecular weight chains was determined by integration of 
peak areas in SEC Chromatograms. 
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of the amount of each homopolymer in each of the distinct blends. The 
first degradation peak, at lower temperatures, can be attributed to the 
degradation of PLA while the second one to the degradation of the PAN 
present in the blend. Surprisingly, the peak related with PLA degrada
tion in the blends appeared at lower temperature compared to that of 
pure PLA while the peak related with PAN degradation appears at 
similar temperature values (around 400 ◦C) for all the blends. Further, 
increasing the amount of PAN in the blends, the Tmax related with PLA 
degradation remains unchanged while the T5% decreases gradually. This 
is probably due to the effect of PAN on the crystallization process of PLA, 
inhibiting its crystallization, leading to a possible unfavorable thermal 
stability of the blends. However, such behavior could indicate a strong 
interaction between PLA and PAN confirming that the totally 

amorphous and rigid character of PAN can strongly affect the crystalli
zation process of PLA as well as its kinetic and thermal properties. 
Similar behavior has been previously reported for PLA/polystyrene 
blends [35]. 

Fig. 7a and b shows the TGA and DTG curves of neat PLA, PMy and 
their blends. It can be observed from the DTG thermogram, the thermal 
decomposition of PMy occurred in a two-step degradation process. In 
particular, the sample weight loss gradually decreased from room tem
perature, until it reached around 350 ◦C, beyond which the rest of the 
polymer rapidly degraded. This is probably due to the polymeric 
microstructure which contains not only 1,4 microstructures, but also by 
a small amount of 3,4 structure, as detected by NMR. This mixture of 
leads to slightly different thermal stability of the polymeric chains. The 

Fig. 3. DSC traces (second heating) obtained for the selected pure materials. PMy sample (a), PAN samples (b) and PLA sample (c). The PLA sample has been 
subjected to different heating rates using decreasing masses as heating rate increases to minimize thermal lag. 

Fig. 4. DSC traces (second heating) obtained for the solution cast mixtures. PLA/PAN (a) samples and PLA/PMy (b) samples. In the left side of each panel, a zoom of 
the transition region is encompassed. 
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effect of the microstructures on the thermal behaviour of rubbers has 
already been reported for polybutadienes [36] and polymyrcenes [27, 
37] and it is connected to the different reactivities of the various double 
bonds in the polymeric chains. 

Compared with PLA, PMy showed higher thermal stability reaching a 
Tmax of 366 and 419 ◦C. In Fig. 7 the contribution of the thermal 
degradation of both homopolymers can be observed in the PLA/PMy 
blends even if the peak related with the thermal degradation of PMy is 
not as clear as with the PLA/PAN blends. This likley indicates a better 
miscibility of PMy with PLA compared with PAN. Moreover, a first 
weight loss at low temperature (≈115 ◦C) was observed, probably due to 
the presence of water in the samples. Also, in this case, the peak related 
with PLA degradation in the blends appeared at lower temperature 
compare that of pure PLA indicating a decrease on the thermal stability 
of the PLA in the blends. This probably arises due to the already dis
cussed effect of the microstructure on the thermal stability of the PMy 
that in some way leads to the drastic decrease of the T5% values of the 
blends compared to that of pure PLA. 

In Figs. 8 and 9, the SEM pictures of the surface of fracture of the 
original mixtures without any thermal treatment before and after 
etching clearly indicate the heterogeneous nature of the samples. The 

Fig. 5. Compositional dependence of the thermal transitions (Tg, Tcc and Tm) in the PLA/PAN and PLA/PMy mixtures.  

Table 4 
Thermal properties for all the mixtures in this study.  

Sample Tg 

(◦C) 
Tcc 

(◦C) 
Tm 

(◦C) 
ΔH 
(J/g) 

Xc 

(%) 
T5% 

(◦C) 
Tmax 

(◦C) 

PLA 56.0 113.4 150.0 2.0 2.1 307 349 
PAN 96.0 – – –  260 393 
PMy − 73.0 – – –  145 366/ 

419 
PLA5PAN 56.0 123.5 150.8 1.0 1.1 257 315/ 

387 
PLA15PAN 55.9 123.6 150.5 0.3 0.4 244 317/ 

391 
PLA20PAN 55.5 – – –  135 129/ 

316/ 
393 

PLA2PMy 54.1 114.0 149.0 1.8 2.0 136 344 
PLA5PMy 52.5 115.1 148.0 1.7 1.9 139 340 
PLA7PMy 52.2 116.7 147.5 2.0 2.3 155 336 
PLA10PMy 51.4 118.1 146.9 1.7 2.0 178 324 
PLA12.5PMy 51.2 118.9 146.5 1.9 2.3 139 338 
PLA15PMy 51.0 120.1 146.1 0.7 0.9 211 339  

Fig. 6. TGA (a) and DTG (b) curves for the neat PLA and the different blends with PAN.  
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morphology is also different in PLA/PAN and PLA/PMy mixtures. In 
fact, well dispersed submicron size PAN domains are clear in the case of 
PLA/PAN mixtures, especially in the case of PLA/5PAN mixture. The 
PLA/PMy mixtures are different, as larger, but well dispersed, PMy 
domains are clearly visualized. 

To reconcile this result with the thermal properties observed previ
ously, it must be assumed that there is partial miscibility between PLA 
and PMy polymers. Another interesting observation that emerges from 
the observation of the images in Figs. 8 and 9 is the different domain size 
observed in both PLA/PAN and PLA/PMy mixtures. Solution cast mixing 
is a very well reported method for the preparation of thin films of 
polymeric mixtures, and phase separation upon solvent evaporation has 

been widely reported in immiscible systems. The final morphology in 
this type of systems depends on several factors: the support, the solvent 
and its evaporation rate, and the molecular weight of the involved 
species. In fact, previous works have reported that the domain size and 
the morphology strongly depend on the molecular weight of the 
dispersed phase [38,39]. The differences in domain size observed be
tween PLA/PAN and PLA/PMy blends are clearly due to a distinct dif
ference in the molecular weight of the PAN and PMy polymers. This 
specific behaviour has been reported on other immiscible or partially 
miscible systems. 

We have additionally evaluated the mechanical properties of the thin 
films prepared from solution casting. The mechanical properties of such 

Fig. 7. TGA (a) and DTG (b) curves for the pure PLA and the different blends with PMy.  

Fig. 8. SEM micrographs of all the PLA/PAN blends, before etching (left) and after etching (right) of PAN phase with xylene.  
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samples depend on their initial morphology (described by Figs. 9 and 
11) and microstructure. The details of this microstructure may be un
derstood from the DSC obtained from the first melting, using selected 
samples in Fig. 10a. The dependence of the dynamic tensile stress, σ*, 
with the dynamic strain, ε*, (dynamic stress-strain curves) at a fre
quency of 1 Hz in selected samples are shown in Fig. 10b. The results 
represent the average obtained from three independent measures in 
each sample. The dynamic tensile stress–strain curves show a large 
difference between the pure PLA sample and the blends. 

From the results in Fig. 10a it can be seen that PLA molecules are able 
to crystallize during solvent evaporation in pure PLA and PLA/PMy 
blends. In these cases, the quantity of crystals is rather similar, as seen 
from the comparable value obtained for the melting enthalpy, ΔH, of 
around 21–22 J g− 1. On the contrary, the presence of PAN completely 
hampers PLA crystallization in PLA/PAN blends during solvent evapo
ration, as most of the crystals form during the cold crystallization pro
cess (the value of ΔH is around 1–2 J g− 1). These facts directly affect to 
the mechanical properties in Fig. 10b. The values for the slope for small 
values of the dynamic strain (linear region) directly give the dynamic 
tensile modulus, E*. 

PLA displays a tensile modulus value of 1.80 GPa, very close to that 
reported for similar PLA films obtained from solvent casting [40]. The 
PLA/PMy sample in this study shows the typical behaviour associated 
with plasticization, as the tensile modulus decreases with the presence of 
PMy to a value of 1.25 GPa. Moreover, both PLA and PLA/PMy samples 
show the characteristic behaviour associated with plastic deformation of 
semicrystalline polymers, which gives rise to a deviation from the linear 
viscoelasticity for small values of dynamic strain. Low-Mw plasticizer 
behaves as solvent, leading to a decrease in the density of interactions 
amongst the PLA macromolecules. These results again point towards a 
certain level of miscibility between PLA and PMy. This plasticization 
effect is not present in PLA/PAN blends, as a clear increase in the elastic 
modulus is obtained up to values of around 1.90 GPa. This result points 
to a glassy nature of the PAN additive that gives rise to enhanced rigidity 
or elastic modulus, and the absence of plastic deformation within the 
dynamic strain explored. The plasticization effect in PLA/PMy blends 

Fig. 9. SEM micrographs of all the PLA/PMy blends, before etching (left) and 
after etching (right) of PMy phase with hexane. 

Fig. 10. a) DSC traces (first heating) of the PLA (black), PLA/5PMy (red) and PLA/5PAN (blue) samples and b) dynamic tension stress – strain curves at 1 Hz and 
room temperature of the same samples (open symbols). Additionally, the data obtained for PLA/15PMy and PLA/15PAN are included (solid symbols). The lines 
represent the linear viscoelastic zone to obtain the tensile modulus. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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and the enhanced rigidity in PLA/PAN blends is more pronounced, as 
expected as the amount of PMy and PAN increases to 15 wt% (see 
Fig. 11b). 

The morphology of pure PLA was compared to that of PLA blended 
with 5 wt% PyM and PAN. The morphological aspects are shown in 
Fig. 11 for films prepared by complete crystallization at T = 120 ◦C from 
the melt. The POM images (left) in Fig. 11 indicate the apparent absence 
of a ring-band pattern in the pure PLA (panel A) and the PLA/PAN blend 
(panel C). However, the addition of 5 wt% PyM to PLA alters the 
spherulitic morphology, as observed in panel B. The AFM height images 
(right) reveal an irregular ring-banded pattern in the centre of the 
spherulite in the PLA/PMy blend. The central panel clearly shows the 
bright and dark zones corresponding to ridges and valleys. 

The AFM height profile shows that the distance between ridges is 
approximately 40–50 μm, and the height difference between the ridges 
and valleys is around 100–300 nm. Furthermore, intermediate ridges are 
present between the long ridges and the valleys. This hierarchical or
ganization of the crystalline structure within the ridges and valleys 
suggests some type of segmental interaction and partial miscibility be
tween the PLA and PMy. The appearance of ringed banded spherulites in 
blends due to the existence of interactions between the components has 
been widely reported, especially in the case of polyesters with polar 
diluents [41], including polycaprolactone (PCL) [42–44], and also in 
PLA [45]. Thus, the morphological features observed here in PLA/PMy 
blends may be caused by some type of segmental interaction and partial 
miscibility between the PLA and PMy. 

4. Conclusions 

A titanium complex with a tridentate silsesquiox
anecyclopentadienyl ligand [Ti(η5-C5H4SiMe2OPh7Si7O11-κ2O2)Cl] has 
been evaluated as a potential polymerization catalyst for bio-based 
monomers, such as β-myrcene and anethole. The resulting biobased 
polymers have been studied for the potential application as modifiers to 
enhance the properties of poly(lactic acid) (PLA). 

When using myrcene and MMAO as co-catalyst, the titanium com
plex shows typical Ziegler-Natta behaviour. The resulting polymyrcene 
(PMy) exhibits 1,4-stereoregularity (90%, with 75% cis and 25% trans) 
and 3,4-stereoregularity (10%). In contrast, for anethol, a cationic 
mechanism is postulated as the active species has been observed to be a 
triflate salt of the titanium compound. It is notable that the obtained 
polyanethol (PAN) is atactic. 

When PMy is blended with PLA, the bio-based additive acted as a 
plasticizer, resulting in a decrease in Tg and promotion of PLA crystal
lization when a PMy content below 15 wt% was applied. Morphology 
analysis indicated a partially miscible, phase-separated system with 
micron-sized domains. The mechanical properties of the blends also 
showed plasticization, with decreased elastic modulus and enhanced 
plasticity, resulting in less fragile systems compared to pure PLA. The 
micron-sized domains were consistent with a high molecular weight 
PMy samples. 

In contrast to PMy, PAN completely inhibited PLA crystallization and 
the PLA/PAN blends were immiscible, but a well-dispersed, phase- 
separated system was obtained in solvent-casting film preparation with 
very small PAN domains. The small domains could be attributed to the 

Fig. 11. POM (left) and AFM (right) of the spherulitic morphology of (A) PLA, (B) PLA/5PMy and (C) PLA/5PAN.  
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low molecular weight of the PAN sample. The blends show higher tensile 
modulus and hardness than PLA and an absence of plastic behaviour. 
Thus, an increased rigidity is generated upon the addition of PAN to 
PLA. 

Overall, this study highlights the potential of the titanium complex 
with a tridentate silsesquioxanecyclopentadienyl ligand as a catalyst to 
produce bio-based polymers, which can be used as modifiers for PLA. 
The findings also provide insights into the effects of PMy and PAN on the 
properties and morphology of PLA blends, which can provide important 
information for the future development of renewable and sustainable 
materials. 
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