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Abstract: The synthesis, characterization and comparative evaluation of properties of 

two series of cationic PBS copolyesters bearing respectively ammonium and 

tributylphosphonium side groups, are reported. The copolyesters with contents in ionic 

units up to 50 mole-% as well as the fully ionic homopolyesters were prepared by 

polycondensation in the melt catalyzed by CALB or TBT. Their Mn ranged between 

20,000 and 5,000 g·mol-1 depending of composition and the type of ionic group that is 

involved. All the copolyesters were non-water soluble and showed good thermal 

stability. They were semicrystalline with melting temperatures and enthalpies 

decreasing with the ionic contents. The interactions interplayed by the ionic groups 

restricted largely the molecular mobility and caused a significant increase in the melt 

viscosity and glass transition temperature of PBS and a decrease in crystallization rate. 

Both ammonium and phosphonium containing PBS copolyesters were able to be 

coupled with sulfonated PBS to generate ionic polymer blends with modified 

crystallizability. The presence of both ammoniums and phosphoniums provided PBS 

with remarkable antimicrobial activity against gram-positive and gram-negative 

bacteria.  
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1. Introduction 

The interest in aliphatic polyesters has greatly increased along these last years 

due to the fact that they are among the most promising sustainable and biodegradable 

polymeric materials [1-3]. In addition to their applicability in packaging and coating, a 

good number of aliphatic polyesters are designed with adjusted biodegradation rate 

with the purpose of use them as temporal applications in the biomedical field [4-7]. 

Poly(butylene succinate) (PBS) is a typical biodegradable aliphatic polyester that has 

been traditionally produced using petroleum-based monomers. Recently PBS has 

emerged as a distinguished polymer mainly because its two monomers, succinic acid 

and 1,4-butanediol have become accessible from renewable resources [8]. Moreover 

PBS displays a satisfactory overall pattern of thermal and mechanical properties that 

makes it suitable for a wide range of end applications mainly in packaging and coating 

by using conventional melt processing techniques [9,10]. Nevertheless, the lack of 

functionality is a shortcoming of PBS that prevents expanding its use into new fields 

where polymer activity or polymer modifications are required.  

The incorporation of ionic groups in a polymeric chain gives rise to important 

changes in both physical and chemical properties and provides it with certain chemical 

activity [11,12]. In fact, slightly charged polymers (ionomers) are known to be able to 

interact electrostatically with themselves or with other ionic polymers and small 

charged molecules to render unusual properties [13-15]. Aromatic copolyesters bearing 

sulfonated groups constitute an illustrative example of this approach [16-20]. In 

aliphatic polyester ionomers, property design may be combined with biodegradability to 

generate materials of exceptional interest as delivery systems for charged proteins and 

drugs, and in particular for transfection technology [21,22]. Anionic PBS ionomers and 

copolymers containing sulfonate groups have been recently studied by different 

authors [23-28], and their potential as biomaterial has been evaluated in some cases. 

On the contrary, polyester cationic ionomers are in a much less developed stage, in 

great part due to the difficulty found for introducing cationic groups into the polyester 

chain by melt polycondensation. The insertion of cationic units in polyesters is 

particularly attractive because it not only changes advantageously certain properties 

but in addition it is expected to provide antimicrobial activity. In this paper we wish to 

report on PBS copolyesters containing either ammonium or phosphonium side groups 

with a wide range of compositions. The work reported here embraces the synthesis 

and characterization of the two series of cationic PBS copolymers, the assessment of 

their basic properties and also a preliminary evaluation of their biocide activity.  

To our knowledge, a recent paper published by us on PBS terpolyesters 

containing minor amounts of quaternized glutamic acid that were synthesized to be 
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used as nanocomposite compatibilizers, is the only reference on ammonium containing 

polyesters found in the accessible literature [29]. In such work, it was brought into 

evidence that the high temperatures required for melt polycondensation promoted the 

decomposition of the ammonium units with subsequent hindering of the polymer chain 

growth. These results have encouraged us to explore the enzymatic polycondensation 

for the synthesis of cationic PBS copolyesters. In fact, lipase-catalyzed polymerization 

in the melt is a recently developed method that allows producing aliphatic polyesters 

under mild conditions and avoiding residual metals [30,31]. Thus Azim et al. [32] 

reported the CAL-B mediated synthesis of PBS with a Mw close to 40,000. In this paper 

we describe the enzyme-catalyzed melt polycondensation of PBS copolyesters 

(PBSxG
I
y) that incorporate different amounts of 2-aminoglutarate hydrochloride units 

(GI) (x and y subscripts refer respectively to the mole-% in succinate and 

aminoglutarate units present in the copolyester).  

Although the literature on phosphonium containing polymers is considerable, 

very short has been published on polyesters. Anderson et al. [33,34] synthesized 

successfully poly(ethylene terephthalate-co-ethylene isophthalate) (PET-co-PEI) 

ionomers end-capped with butyl p-carboxyphenyl diphenylphosphonium bromide, and 

Anthierens et al. [35] reported on poly(butylene adipate) functionalized with an 

alkyltriphenylphosphonium group that showed antimicrobial activity. In the present work 

the diol 2,2-(dihydroxymethyl)propyl-tributylphosphonium bromide (PPD) has been 

copolymerized with succinic acid and 1,4-butanediol (BD) to obtain poly(butylene-co-

propylene succinate) copolyesters containing pendant quaternary phosphonium 

groups. These new cationic PBS ionomers are abbreviated as PBxPPyS where x and y 

subscripts refer respectively to the mole-% in 1,4-butylene and phosphonium propylene 

units that are present in the copolyester.  

The influence of the cationic side groups on PBS properties has been examined 

in this work with particular attention paid to biocide activity. Given the enormous 

potential application of PBS in packaging and coating, the possibility of rendering PBS 

with biocide properties is a goal of primary technological interest.  Antimicrobial agents 

based on natural or low-molecular-weight compounds may result in environmental 

contamination and toxicity to the human body due to uncontrolled diffusion [36].  

Conversely, antimicrobial polymeric materials based on covalent linkages display high 

chemical stability and low volatility, and are able to exhibit therefore long-term activity 

[37,38]. Materials containing ammonium and/or phosphonium salts are probably the 

most widely studied and used as antimicrobial polymers. Accordingly, the biocide effect 

of the cationic PBS copolyesters synthesized in this work has been explored using 

Escherichia coli and Staphylococcus aureus as testing microorganisms. 
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2. Experimental 

2.1. Materials 

 Dimethyl succinate (DMS) was purchased from Merck-Schuchardt. 1,4-

butanediol (BD) (99%), L-glutamic acid dimethyl ester hydrochloride (2-ammonium 

dimethyl glutarate hydrochloride) (A-DMG·Cl), 1,1,1-tris(hydroxymethyl) ethane, 

tributylphosphine, diethyl carbonate  and lipase from Candida antarctica immobilized 

on macroporous acrylic resin (CALB) were purchased from Sigma-Aldrich. Succinic 

acid (SA), hydrobromic acid and solvents used for purification and characterization 

were purchased from Panreac. All they were of either technical or high-purity grade 

and used as received without further purification. 2-(N,N,N-trimethylammonium) 

dimethyl glutarate iodide (TMA-DMG·I) was synthesized from A-DMG·Cl according to 

the general procedure described in the literature for amine quaternization [39]. The 

PBS ionomer (PBS85SS15) containing 15 mole-% of sulfonated succinate used for the 

complex formation study was synthesized as described in detail elsewhere [28]. 

2.2. Measurements 

 Intrinsic viscosities were measured with an Ubbelohde viscometer thermostated 

at 25 ºC ± 0.1 ºC. Size exclusion chromatography (SEC) was performed on a Waters 

system equipped with a refractive index detector using 1,1,1,3,3,3-hexafluoro-2-

propanol as the mobile phase. Molecular weights and their distribution were calculated 

against poly(methyl methacrylate) standards using the Millenium 820 software. 

Absorbance measurements were performed with an UV-visible spectrophotometer 

UVmini-1240 using a 5 nm band-width. NMR spectra were recorded on a Bruker AMX-

300 spectrometer operating at 300.1 MHz for 1H and 75.5 MHz for 13C. About 10 mg for 

1H or 50 mg for 13C of polymer samples were dissolved in 1 mL of deuterated 

chloroform (CDCl3). 64 and 5,000-10,000 scans were acquired with 32-K and 64-K data 

points and 1 and 2 s of relaxation delays for 1H and 13C, respectively.  

The thermal behavior of the polyesters was examined by differential scanning 

calorimetry (DSC) with a Perkin-Elmer DSC Pyris 1 instrument calibrated with indium 

and zinc for temperature and enthalpy. DSC data were obtained from 4 to 6 mg 

samples at heating and cooling rates of 10 ºC·min-1 under nitrogen circulation (20 

mL·min-1). Glass transition temperatures were taken as the inflection point of the 

heating DSC traces of melt-quenched samples recorded at 20 ºC·min-1. TGA 

measurements were performed on 10 to 15 mg of sample under a nitrogen flow of 20 

mL·min-1 at a heating rate of 10 ºC·min-1 and within a temperature range of 30-600 ºC 

using a Mettler Toledo TGA/DSC 1 thermobalance. X-ray diffraction (XRD) patterns of 

copolyesters were recorded from powdered samples on the PANalytical X’Pert PRO 
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MPD θ/θ diffractometer using CuK radiation of wavelength 0.1542 nm. For the 

analysis of the complexes requiring heating, XRD was carried out with the sample 

introduced in a Lindemann glass capillary of 1.0 mm of diameter. Tensile testing was 

performed using bone shape specimens (2.7x10 mm2) that were cut from isotropic films 

obtained by hot pressing with a thickness of about 200 μm. Tensile tests were 

conducted at room temperature on a Zwick BZ2.5/TN1S universal tensile testing 

apparatus operating at a constant crosshead speed of 10 mm·min-1 with a 0.5 N 

preload and a grip-to-grip separation of 20 mm.  

2.3. Synthesis of cationic PBS copolyesters containing ammoniums. 

 Candida antarctica lipase immobilized on macroporous acrylic resin (CALB) 

was dried under vacuum (0.1 mm-Hg) at 25 ºC for 24 h. 2% (w/w) of CALB was 

transferred into a round-bottom flask containing a mixture of dimethyl succinate, L-

glutamic acid dimethyl ester hydrochloride and 1,4-butanediol. A molar ratio 1.4:1 of 

BD to the total of diesters was used for the synthesis of all polyesters. The reaction 

mixture was mechanically stirred under heating at 80 ºC for 72 h under a low nitrogen 

flow. Then a second 2% (w/w) CALB portion was added to the reaction mixture and the 

polycondensation reaction was initiated by raising the temperature to 90 ºC and 

reducing the pressure to 40 mbar, and these conditions were maintained for 72 h. 

Finally a third 2% (w/w) portion of CALB was added,  the temperature further increased 

to 115 ºC and the pressure reduced to 1.6·10-3 mbar, and the reaction left to proceed 

for 72 h more. The synthesis of PBS50G
I
50 and PBGI required both longer reaction times 

(around 300 h) and higher amounts of enzyme (a total of 10% w/w) than in the other 

cases. The viscous mass finally formed was cooled down to room temperature and the 

atmospheric pressure was restored with a nitrogen flow to prevent degradation. The 

resulting solid mass was dissolved in chloroform and filtered using a PTFE membrane 

with 0.5 µm pore size. The product recovered after evaporation of the solvent was used 

for characterization and property evaluation without further treatment. 

2.3. Synthesis of cationic PBS copolyesters containing phosphoniums. 

2,2-(dihydroxymethyl)propyl-tributylphosphonium bromide (PPD·Br) was 

synthesized in two steps according to the procedures described in the literature [40,41].  

2-(Bromomethyl)-2-methyl-1,3-propanediol was firstly prepared from 1,1,1-

tri(hydroxymethyl) ethane and then it was made to react with tributylphosphine to 

render PPD·Br. 1H and 13C NMR spectra of this compound and its precursor are 

available in the Electronic Supporting File (Figures ESI-1  and ESI-2). 
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The poly(butylene succinate) copolyesters containing tributylphosphonium 

groups (PBxPPyS) were obtained from succinic acid (SA) and mixtures of PPD·Br  and 

BD containing 3, 5, 8, 10 and 15 mol-% of the former. The reactions were performed in 

a three necked, cylindrical-bottom flask equipped with a mechanical stirrer, a nitrogen 

inlet and a vacuum-distillation outlet. An excess 1.4:1 of BD to SA was used and 

titanium tetrabutoxide (TBT, 0.3 w/w % respect to monomers) was the catalyst of 

choice. Esterification reactions were carried out under a low nitrogen flow at 170 ºC 

during 8 h. Polycondensation reactions were left to proceed at 190 ºC under a 2.9·10-3 

mbar vacuum for 8 h. Finally, the reaction mixture was cooled to room temperature and 

the atmospheric pressure was recovered with nitrogen to prevent degradation. The 

resulting solid mass without further treatment was used for the characterization and 

property evaluation unless otherwise stated. 

2.4. CALB activity test 

The enzyme activity was tested according to the procedure described by 

Schwab et al. [42]. In this test, the p-nitrophenol (pNP) generated by methanolysis of p-

nitrophenyl acetate (pNPAc) is followed by UV spectroscopy. 5 mL of a solution of 

pNPAc (7.25 mmol L-1) in toluene and 20 μL of methanol were succecively added to a 

stirred suspension of CALB (10 mg) in toluene (20 mL) at 40 ºC. Aliquots of 0.5 mL 

were then withdrawn every 5 min and diluted with 9.0 mL of toluene. The p-nitrophenol 

concentration was determined by measuring the UV absorption at 304 nm (εpNP, 9344.5 

M-1 cm-1 and εpNPAc, 2469.1 M-1 cm-1). The enzyme activity a (nmol of substrate 

converted by 1 mg of CALB per minute) was calculated using equations 1 and 2. 

 

   
                 

           
     Eq 1                            

     

       
       Eq 2 

 

2.5. Antimicrobial activity 

The antimicrobial activity was performed based on the dynamic shake flask 

method described by Anthierens et al. with some modifications [35]. Lyophilized strains 

of the microorganisms from CECT (Spanish Collection of Culture Types) were 

resuspended in TSB (Tryptone Soy Broth) for Escherichia coli and Staphylococcus 

aureus following the CECT instructions and then incubated for 24 h at 37 ºC, in TSA 

(Tryptone Soy Agar). The broth was then diluted in physiological peptone solution 

(PPS) containing 1 g of bacteriological peptone (Oxoid, Hampshire, United Kingdom) 

and 8.5 g of NaCl per liter to approximately 106  to 1010 colony forming units (cfu)·mL−1. 

1 mL of this solution was used to inoculate the sterile 1.5 mL centrifugal tubes 
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(Eppendorf, Hamburg, Germany) containing 100 mg of each sample (PBS, PBS84G
I
16, 

PBS50G
I
50 and PBGI for ammonium polymers and PBS, PB97PP3S, PB90PP10S, 

PB85PP15S for phosphonium polymers) to achieve finally an inoculation level of 

approximately 105 to 109 cfu·mL−1 depending on the assay. The pH of the PPS solution 

was adjusted to 5.8 with 0.2% HCl. Assays were conducted per duplicate at 37 ºC and 

under stirring (500 rpm). Samples were drawn at scheduled periods of time ranging 

from 30 min up to 24 h. 100 µL of each sample was then cultured in TSA petri plates 

per duplicate and incubated for 24 h at 37 ºC, after which the colonies were counted. 

Petri Plate Count Assay was used to determine the microorganism concentration 

expressed as colony forming units. Counts out of the range of 30-300 cfu per plate 

were discarded. 

 

 3. Results and discussion 

3.1. Synthesis of polyesters and copolyesters  

The routes followed for the synthesis of PBSxG
I
y and PBxPPyS polymers are 

depicted in Scheme 1. Initially the preparation of PBS copolyesters containing 

trimethylammoniums was pursued. Unfortunately, all attempts made to polymerize 

DMS with BD in the presence TMA-DMG·l were unsuccessful because the 

transesterification reaction was unable to proceed either in solution or in the bulk. 

Increasing the temperature or reducing the pressure to favor the release of methanol 

did not afford any positive result. Neither increasing amounts of CALB produced any 

perceivable effect. To elucidate if the enzyme activity was affected by the reaction 

components, activity tests for CALB were carried out using p-nitrophenyl acetate 

(pNPAc) as substrate in the presence and in the absence of TMA-DMG·I. The p-

nitrophenol (pNP) released in these essays along a period of 60 min of incubation is 

plotted against time in Figure 1. Whereas in the absence of TMA-DMG·I the alcoholisis 

of pNPAc took place steadily, no reaction occurred in the presence of the quaternary 

ammonium salt. It was concluded therefore that the polycondensation reaction could 

not advance at a detectable rate because the enzyme was fully inhibited by TMA-

DMG·l since the initial stage. Conversely, the same activity test carried out with A-

DMG·Cl afforded more favorable results. CALB activity was also depressed in the 

presence of this compound but it was still remained over 50% after one hour of 

reaction. Apparently the inhibitory effect of the ammonium group on CALB activity is 

drastically enhanced by quaternization. It is worthy to point that this result contrasts 

with those reported by Lozano et al. [43], who found that ionic liquids made of 
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quaternary imidazolium salts were suitable for carrying out transesterification reactions 

mediated by CALB.  

According to the enzyme activity results, PBSxG
I
y copolyesters were prepared by 

bulk polycondensation catalyzed by CALB since this method allows applying milder 

conditions than when organocatalysts are used. An excess of BD respect to the 

diesters was used to ensure the complete displacement of methanol, and temperature 

was increased gradually in order to minimize the decomposition of ammonium 

compounds and the denaturation of the enzyme. It is known that enzymes in general 

become inactive when they are exposed to temperatures above ~90 ºC, especially in 

aqueous environments [42]. The advance of the transesterification reaction was 

followed by 1H NMR which was found to be complete in six days. The oligomeric 

mixture was polycondensated at 115 ºC under a low pressure to favor the release of 

the excess of BD. As expected, the viscosity of the reaction mass increased with the 

content in GI units due to the formation of ionic aggregates, which are known to act as 

thermoreversible crosslinks [18,44]. The preparation of PBS50G
I
50 and PBGI required 

increasing both the reaction time and the amount of added fresh enzyme in order to 

attain molecular weights within the range of those obtained for PBSxG
I
y containing 

lower amounts of ionic groups.  

The influence of the tributylphosphonium compound PPD·Br on CALB activity 

was evaluated in a similar manner and results indicated that its effect was intermediate 

to those observed for the ammonium compounds. Nevertheless, at difference with 

PBSxG
I
y, PBxPPyS polymers could be successfully synthesized by melt 

polycondensation using TBT catalyst. As usual, the reaction was made to proceed 

along two stages. The first stage was carried out at 170 ºC under a nitrogen flow to 

facilitate the removal of the water generated by esterification. In the second stage, 

temperature was raised to 190 ºC and high vacuum applied in order to promote the 

transesterification reaction between the oligomers formed in the first step and to favor 

the releasing of the excess of BD. A series of PBxPPyS copolyesters with contents in 

phosphonium units ranging from 3 to 15 mol-% in addition to the homopolyester PPPS 

made of PPD·Br as the only diol could be prepared by this procedure in high yields 

(>90%). It should be noted that the temperature used in these polycondensations was 

significantly lower than that usually applied in the synthesis of PBS because -

elimination occurs in the phosphonium containing units at high temperatures.  

Synthesis results for the two series of ionic PBS copolyesters in addition to their 

respective parent homopolyesters are shown in Table 1. The PBS sample obtained by 

enzymatic polycondensation had an intrinsic viscosity of 0.9 dL·g-1 and a Mn of 25,000 

g·mol-1 with a dispersity around 2. This is an excellent result for the enzymatic 
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synthesis of this polyester that proves the suitability of the applied procedure. In fact, 

the highest number-average molecular weights reported for enzymatically prepared 

PBS oscillate between 6,000 and 3,000 g·mol-1 [32]. The PBSxG
I
y copolyesters were 

obtained with Mn in the ~5,000-13,000 g·mol-1 range and viscosities going from ~0.4 to 

~0.6 dL·g−1. PBxPPyS copolyesters obtained by melt polycondensation had Mn in the 

~17,000-6,000 range and viscosities between ~0.7 and ~0.45 dL·g-1. It is apparent from 

these results that polymer molar mass tend to decrease with increasing contents in 

either Gi or PP units in the copolyesters. Accordingly minimum molecular weight were 

obtained for the ionic homopolyesters PBGi and PPPS with Mn values of 4,500 and 

6,000 g·mol-1, respectively.   Such behavior is attributed to the difficulty for releasing 

1,4-butanediol from the highly viscous molten reaction mixture at the relative low 

temperature at which polycondensations have to be carried out. This trend is more 

pronounced in the case of the PBSxG
I
y series likely due to the partially inhibitory effect 

of DMG·Cl on CALB.  

The chemical structure and composition of the polyesters and copolyesters 

were ascertained by NMR spectroscopy. The 1H and 13C NMR spectra registered from 

representative members of the PBSxG
I
y and PBxPPyS series with their corresponding 

peaks assignments are shown in Figures 2 and 3, respectively. An accurate 

assignment of the 1H and 13C spectra associated to the different protons and carbons 

signals present in the copolyesters could be achieved by 2D heteronuclear shift 

correlation (hetcor) analysis (Figures ESI-3 and ESI-4). The chemical composition was 

determined by integration of selected signals arising from Gi or PP units and signals of 

succinate or butylene units, respectively. As it can be observed in Table 1, the amount 

of ionic units incorporated into the PBS copolyester was slightly lower than that used in 

the feed, the differences being around 10 mole-% and practically constant along the 

whole series for both cases.  

It should be noted that the 1H NMR spectra of all PBxPPyS copolyesters show a 

weak signal at 3.42 ppm due to the presence of dibutyleneoxide (DBO) units produced 

by the etherification side reaction between two hydroxybutyl units. The content in DBO 

of the copolyesters oscillated along the 2-4 mole-% range following roughly a trend 

parallel to their content in phosphonium units. The occurrence of this secondary 

reaction leading to the generation of ether groups in the polyester backbone was also 

reported for the synthesis of PET and PHT copolyesters containing sulfonated units 

[18,28].  In these cases much higher amounts of dialkylene glycol units were formed. 

3.3. Thermal and mechanical properties 
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 The thermal behavior of homopolyesters and copolyesters of the two series has 

been comparatively examined by TGA and DSC, and the thermal parameters 

estimated in this study are given in Table 2. The thermal stability was evaluated under 

inert atmosphere and the TGA traces recorded for the two sets of polyesters together 

with derivative curves for selected cases are shown in Figure 4. The comparative 

analysis of these traces indicates that the thermal stability of the ionic copolyesters 

steadily decreases with the incorporation of GI or PPD units so both onset (oTd) and 

maximum rate decomposition (maxTd) temperatures range between the values displayed 

by their parent homopolyesters PBS and PBGI or PBS and PPPS, respectively. 

Although the resistance to heat of the ionic copolyesters is significantly lower than that 

of PBS, the oTd -Tm window is still wide enough as to allow their reversible melting and 

processing by thermal methods. In analogy with PBS, decomposition of PBSxG
I
y 

copolyesters took place essentially in one stage whereas the PBxPPyS copolyesters 

degrade through a complex mechanism that involves two or three decomposition 

stages, depending on their composition (Figure 4b’). On the other hand, similar 

remaining weights were found for the two series after heating at 600 ºC for similar 

copolyesters compositions but without apparent correlation with their ionic contents.  

The heating DSC traces of the polyester samples that had been previously 

cooled by quenching from the melt showed the slope change characteristic of glass 

transition for all the studied compositions. The temperatures recorded for such changes 

revealed that the Tg of PBS steadily increased with the increasing content in ionic units. 

According to what should be reasonably expected, the incorporation of ionic groups 

caused a significant increase in the Tg of PBS. This enhancing Tg effect is clearly 

evidenced when the ionic homopolyesters are compared with PBS in this regard; both 

PBGi and PPPS have Tg values much higher than PBS in spite that their molecular 

weights are several times lower. According to Shohamy et al. [45], these results are 

fully consistent with the effect on Tg that should be expected from the occurrence of 

ionic interactions.  

The first heating DSC traces of the polyester coming directly from synthesis are 

depicted in Figure 5 for the two series. All copolyesters without exception produced first 

heating traces with endothermal peaks characteristic of melting which is demonstrative 

that all they were semicrystalline. Both Tm and ΔHm were found to decrease steadily 

with the content in ionic units which is a sounded result since neither the ammonium 

nor the phosphonium side groups are expected to be able to accommodate in the PBS 

crystal lattice. Furthermore, crystallization from the melt was found to be only feasible 

for copolyesters with moderate ionic compositions, which is thought to be the 

consequence of the restricted chain mobility caused by ionic aggregation. Only 
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PBSxG
I
y and PBxPPyS copolyesters containing up to 16 mole-% of GI units and 10 

mole-% of PP units, respectively, were able to crystallize from the melt and therefore to 

show melting at the second heating (second heating DSC traces are accessible in the . 

ESI file, Figure ESI-5). Lastly it is worthy to comment that PBGi showed melting 

whereas no heat exchange was detected in the DSC traces recorded from the PPPS 

homopolyester. The absence of crystallinity in PPPS is a reasonably expected result 

given the great bulkiness of the pendant tributylphosphonium group. The general 

conclusion drawn from DSC results is that ionic groups depress the crystallinity of PBS 

and that such effect must be interpreted as a combination of two hindering factors: a) 

the incompatibility of the butylene succinate and the ionic units to cocrystallize within 

the same lattice, and b) the difficulty of the polymer chains to diffuse due to high melt 

viscosity of the ionic polyesters. The former is the simple consequence of the different 

constitution of the units whereas the latter is caused by the strong interactions that are 

characteristic for ionic charged polymers. 

The tensile properties, such as Young’s modulus (E), the maximum stress 

(σmax), and the elongation at break (εmax), were determined for amorphous samples of 

the PBxPPyS copolyesters with PP contents equal or below 8 mole-%. Copolyesters 

containing higher amounts of phosphonium units could not be evaluated because 

samples were too brittle and the same happened with copolyesters containing 

ammonium units. The stress−strain curves resulted from tensile essays are depicted in 

Figure 6 and the mechanical parameters measured therefrom are compared in Table 2. 

It was found that the E modulus increased and εmax decreased with the content of PP 

units whereas not clear trend was observed for tensile strength. It should be highlighted 

that the E modulus of PBS increased more than 100% when only 8 mole-% of PP units 

were incorporated in the chain which is a really amazing result that reveals the 

enormous stiff enhancing effect of the tributylphosphonium side group.  

3.4. Crystal structure and crystallizability: coupling with anionic PBS copolyesters 

Semicrystalline PBSxG
I
y and PBxPPyS copolyesters were analyzed by powder 

XRD and the recorded profiles are compared in Figure 7 where PBS has been also 

included for reference. Essentially the same diffraction pattern comprising both peak 

spacing and intensity is shared by PBS and the ionic copolyesters. The pattern is 

distinguished by the presence of three sharp strong reflections at 4.5, 4.1 and 3.9 Å 

indicating that the monoclinic crystal structure of PBS [46] is retained in the 

copolyesters. As it has been reported for several random copolyesters containing 

unequal amounts of comonomers, the crystallinity attained in such systems is feasible 

because crystallites are formed exclusively from homogeneous polymer segments 
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made up of the major comonomer whereas the minor one is segregated to the 

amorphous phase [47,48]. Regarding the homopolyesters, no discrete scattering is 

detected in the profile recorded from PPPS according to the amorphous nature of this 

polymer. On the contrary, PBGI produces a well-defined crystalline pattern that is 

radically dissimilar to that of PBS and indicates therefore the occurrence of a different 

crystal structure. 

Ionic coupling between polyelectrolytes of opposite sign is known to proceed 

with generation of a stable heterocomplex that distinguishes in displaying properties 

different to its individual components [49,50]. In order to investigate this issue, a 

sample of anionic PBS copolyester containing sulfonate units was used as counterpart 

for the cationic copolyesters studied in this work. Thus nearly isocompositional 

copolyester pairs PB84G
i
16S/PB85SS15 and PB85PP15S/ PB85SS15 were made to interact 

in 1,1,1.3,3,3-hexafluoro-2-propanol solution, and the structure and thermal behavior of 

the product resulting in each case upon evaporation to dryness was examined by TGA, 

DSC and XRD. Data collected in this study for the mixed compounds (PBS-Gi/SS and 

PBS-PP/SS) are compared with those of the three neat ionic copolyesters in Table 3. 

The thermal stability of the complexes slightly decreased with respect to the cationic 

components probably due to the presence of the less stable anionic copolyester. 

Regarding Tm, no noteworthy differences were observed between the complex and the 

isolated components probably because the density of ionic interactions is too low as to 

disturb crystallite size. On the contrary the Tg was found to increase significantly in the 

complexes which makes sense since the ionic interactions are expected to take place 

exclusively in the amorphous phase. Nevertheless, the most noticeable differences 

between complexes and individual copolyesters were those concerning crystallization 

at cooling from the melt (Figure 8). PB84G
i
16S crystallized homogeneously in one single 

peak whereas crystallization of PBS-Gi/SS showed a second peak at lower 

temperature (Figure 8a). Differences in crystallization became even clearer for the 

PB85PP15S/ PB85SS15 system. As it is seen in Figure 8a’, no crystallization could be 

detected for none of the two isolated components whereas a strong exothermic peak 

was observed for the PBS-PP/SS complex. The distinctive crystallization features 

observed in the blends are due to the nucleating effect exerted by the microcrystallites 

that are generated by specific interactions between the opposite charged ionic groups. 

Such effect was ascertained by a comparative isothermal crystallization study carried 

out on the PB85PP15S/ PB85SS15 system. Details of this study are given in the ESI file 

(Figure ESI-6). Kinetics parameters resulting from the application of the Avrami 

approach (Table 3) revealed that crystallization of PB85SS15 took place with a t(1/2) 
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approximately double than the complex with no perceivable changes in the 

crystallization mechanism.  

PBS-Gi/SS and PBS-PP/SS complexes were examined by XRD in order to get 

insight the complex structure and corroborate the occurrence of ionic microcrystallites. 

The XRD profiles registered from the two isolated ionic copolyesters and their 

corresponding complex are shown in Figures 8b and 8b’ for the two systems. In both 

cases the three compared profiles display the pattern characteristic of PBS with strong 

peaks at 3.9, 4.1 and 4.5 Å indicating that the crystal structure of the cationic 

copolyesters is retained in the complexes. What is really noteworthy is the presence in 

the trace recorded from PBS-PP/SS of two sharp peaks of low intensity at about 2.9 

and 3.4 Å. These peaks do not disappear after heating the sample at temperatures 

above the Tm and they are made to correspond to small crystallites made of ionic 

motives. After cooling the diffraction pattern characteristic of PBS was recovered with 

the two small peaks unchanged. It can be concluded therefore that the ionic crystallites 

preserved in the molten state act as effective nuclei in the crystallization of PBS.  

3.5. Antimicrobial activity 

As the last part of this research the antimicrobial activity of the cationic 

copolyesters of PBS was explored against E. coli and S. aureus. The ammonium 

containing PBS copolyesters tested were PBS50G
I
50 and PBS84G

I
16 in addition to the 

homopolyester PBGi. The selected phosphonium contaning PBS copolyesters were 

PB97PP3S, PB90PP10S and PB85PP15S. A PBS sample was also tested for reference. 

The results obtained from these essays are represented in Figure 9.   

In all cases the response of PBS was similar to the blank indicating that this 

polyester does not exert perceivable biocide activity. On the contrary, the results 

observed for the PBS copolyesters containing ionic groups clearly brought into 

evidence their microbial effect.  Thus a complete inactivation of the colony was 

observed in a few minutes for E. coli cultured in the presence of PBGi and also a 

drastic decreasing in viability was observed after a few hours in the presence of the 

PBS50G
I
50. It is worthy to compare these results with those reported by Riva et al. [51]  

for poly(-caprolactone) grafted with ammonium salts; they observed a fast and 

complete inactivation of the E. coli by PCL containing 30 mol-% of ammonium groups 

after 1 h when a concentration of ~10 g·L-1 of active groups were used in the dynamic 

shake flask method. The inactivation for S. aureus was even more noticeable in spite 

that this bacterium is known to be much more resistant to adverse factors. PBGI was 

able to completely inactivate cell proliferation in a period of a few hours and   PBS50G
I
50 

made to fall the CFU concentration in about five orders after less than one day of 
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incubation. The results obtained for PBS84G
I
16 were uneven and no clear conclusions 

can be derived from them.    

The trend observed for the PBxPPyS series was highly depending on 

composition and a close comparison with the PBSxG
I
y series is not feasible because 

copolyesters with high ionic compositions are not available for the former. An 

inspection of the data shown in Figure 9 for both E. coli and S. aureus reveals that no 

clear effect is displayed by copolyesters containing 3% and 10% of phosphonium 

groups whereas the biocide activity of PB85PP15S becomes unmistakably manifested. 

In fact, the presence of this copolyester in both cultures promoted a steady decay of 

CFU of about five orders after only one day of incubation. It is also remarkable that the 

antibacterial effect of this copolyester is clearly perceived since the beginning of the 

assay. 

The above reported observations lead to conclude the following:  a) The biocide 

effect of both ammonium and phosphonium containing PBS copolyesters is highly 

depending on composition so it is only clearly manifested above certain contents in 

ionic groups. b) The phosphonium containing PBS copolyesters are particularly active 

and they display a sustained biocide effect with similar intensity for the two tested 

bacteria.  

 

4. Conclusions  

Two series of cationic PBS copolyesters containing ammonium and 

tributylphosphonium side groups in contents up to 50 %-mole in addition to the entirely 

ionic homopolyesters have been synthesized. The high sensitivity to heat of cationic 

compounds made necessary to apply polymerization conditions less severe than usual. 

CALB enzymatic mediated polycondensation at temperatures close to 100 ºC has been 

proved to be a suitable method to produce ammonium containing PBS copolyesters. 

PBS copolyesters bearing phosphonium groups could be successfully prepared by melt 

polycondensation assisted by titanium catalyst by applying relative lower temperatures. 

The cationic PBS copolyesters display a panel of properties that reflects the 

presence of the ionic units in the polyester chain. Their thermal stability decreases 

respect to PBS for the two series but all the copolyesters continue to be heat resistant 

enough as to be processed by melting. They are semicrystalline and they adopt the 

same crystal structure as PBS although their melting temperature and crystallinity 

decrease with the content in ionic groups. On the contrary, the Tg of PBS regularly 

increases with the insertion of either ammonium or phosphonium units due the 

decreasing in chain mobility caused by strong ionic interactions. Such interactions are 

also responsible for the high melt viscosity displayed by these cationic PBS 
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copolyesters so that only those with moderate ionic contents are able to crystallize from 

the melt under non-isothermal conditions. Blending with anionic PBS copolyesters 

containing sulfonate groups entails formation of ionically compensated microcrystallites 

that are resistant to temperature and are able to act as effective nucleating agent in the 

crystallization from the melt.     

Ammonium and phosphonium containing PBS copolyesters show a noticeable 

biocide activity against both gram-positive and gram-negative bacteria that is strongly 

depending on composition. The copolyesters containing 50 mole-% of ammonium 

groups or 15% of phosphonium groups display strong biocide in periods of time of 

hours, which is a very interesting result given the potential of PBS as packaging and 

coating material. Not only copolymerization but also blending of PBS with cationic 

containing copolyester master-batches will be promising approaches to attain PBS 

formulations with antimicrobial activity.      
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Abstract: The synthesis, characterization and comparative evaluation of properties of 

two series of cationic PBS copolyesters bearing respectively ammonium and 

tributylphosphonium side groups, are reported. The copolyesters with contents in ionic 

units up to 50 mole-% as well as the fully ionic homopolyesters were prepared by 

polycondensation in the melt catalyzed by CALB or TBT. Their Mn ranged between 

20,000 and 5,000 g·mol-1 depending of composition and the type of ionic group that is 

involved. All the copolyesters were non-water soluble and showed good thermal 

stability. They were semicrystalline with melting temperatures and enthalpies 

decreasing with the ionic contents. The interactions interplayed by the ionic groups 

restricted largely the molecular mobility and caused a significant increase in the melt 

viscosity and glass transition temperature of PBS and a decrease in crystallization rate. 

Both ammonium and phosphonium containing PBS copolyesters were able to be 

coupled with sulfonated PBS to generate ionic polymer blends with modified 

crystallizability. The presence of both ammoniums and phosphoniums provided PBS 

with remarkable antimicrobial activity against gram-positive and gram-negative 

bacteria.  

 

Keywords: Poly(butylene succinate), polyelectrolytes, cationic polyesters, enzymatic 

polymerization, ionic polymeric complexes, biocidal polyesters. 
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1. Introduction 

The interest in aliphatic polyesters has greatly increased along these last years 

due to the fact that they are among the most promising sustainable and biodegradable 

polymeric materials [1-3]. In addition to their applicability in packaging and coating, a 

good number of aliphatic polyesters are designed with adjusted biodegradation rate 

with the purpose of use them as temporal applications in the biomedical field [4-7]. 

Poly(butylene succinate) (PBS) is a typical biodegradable aliphatic polyester that has 

been traditionally produced using petroleum-based monomers. Recently PBS has 

emerged as a distinguished polymer mainly because its two monomers, succinic acid 

and 1,4-butanediol have become accessible from renewable resources [8]. Moreover 

PBS displays a satisfactory overall pattern of thermal and mechanical properties that 

makes it suitable for a wide range of end applications mainly in packaging and coating 

by using conventional melt processing techniques [9,10]. Nevertheless, the lack of 

functionality is a shortcoming of PBS that prevents expanding its use into new fields 

where polymer activity or polymer modifications are required.  

The incorporation of ionic groups in a polymeric chain gives rise to important 

changes in both physical and chemical properties and provides it with certain chemical 

activity [11,12]. In fact, slightly charged polymers (ionomers) are known to be able to 

interact electrostatically with themselves or with other ionic polymers and small 

charged molecules to render unusual properties [13-15]. Aromatic copolyesters bearing 

sulfonated groups constitute an illustrative example of this approach [16-20]. In 

aliphatic polyester ionomers, property design may be combined with biodegradability to 

generate materials of exceptional interest as delivery systems for charged proteins and 

drugs, and in particular for transfection technology [21,22]. Anionic PBS ionomers and 

copolymers containing sulfonate groups have been recently studied by different 

authors [23-28], and their potential as biomaterial has been evaluated in some cases. 

On the contrary, polyester cationic ionomers are in a much less developed stage, in 

great part due to the difficulty found for introducing cationic groups into the polyester 

chain by melt polycondensation. The insertion of cationic units in polyesters is 

particularly attractive because it not only changes advantageously certain properties 

but in addition it is expected to provide antimicrobial activity. In this paper we wish to 

report on PBS copolyesters containing either ammonium or phosphonium side groups 

with a wide range of compositions. The work reported here embraces the synthesis 

and characterization of the two series of cationic PBS copolymers, the assessment of 

their basic properties and also a preliminary evaluation of their biocide activity.  

To our knowledge, a recent paper published by us on PBS terpolyesters 

containing minor amounts of quaternized glutamic acid that were synthesized to be 



3 
 

used as nanocomposite compatibilizers, is the only reference on ammonium containing 

polyesters found in the accessible literature [29]. In such work, it was brought into 

evidence that the high temperatures required for melt polycondensation promoted the 

decomposition of the ammonium units with subsequent hindering of the polymer chain 

growth. These results have encouraged us to explore the enzymatic polycondensation 

for the synthesis of cationic PBS copolyesters. In fact, lipase-catalyzed polymerization 

in the melt is a recently developed method that allows producing aliphatic polyesters 

under mild conditions and avoiding residual metals [30,31]. Thus Azim et al. [32] 

reported the CAL-B mediated synthesis of PBS with a Mw close to 40,000. In this paper 

we describe the enzyme-catalyzed melt polycondensation of PBS copolyesters 

(PBSxG
I
y) that incorporate different amounts of 2-aminoglutarate hydrochloride units 

(GI) (x and y subscripts refer respectively to the mole-% in succinate and 

aminoglutarate units present in the copolyester).  

Although the literature on phosphonium containing polymers is considerable, 

very short has been published on polyesters. Anderson et al. [33,34] synthesized 

successfully poly(ethylene terephthalate-co-ethylene isophthalate) (PET-co-PEI) 

ionomers end-capped with butyl p-carboxyphenyl diphenylphosphonium bromide, and 

Anthierens et al. [35] reported on poly(butylene adipate) functionalized with an 

alkyltriphenylphosphonium group that showed antimicrobial activity. In the present work 

the diol 2,2-(dihydroxymethyl)propyl-tributylphosphonium bromide (PPD) has been 

copolymerized with succinic acid and 1,4-butanediol (BD) to obtain poly(butylene-co-

propylene succinate) copolyesters containing pendant quaternary phosphonium 

groups. These new cationic PBS ionomers are abbreviated as PBxPPyS where x and y 

subscripts refer respectively to the mole-% in 1,4-butylene and phosphonium propylene 

units that are present in the copolyester.  

The influence of the cationic side groups on PBS properties has been examined 

in this work with particular attention paid to biocide activity. Given the enormous 

potential application of PBS in packaging and coating, the possibility of rendering PBS 

with biocide properties is a goal of primary technological interest.  Antimicrobial agents 

based on natural or low-molecular-weight compounds may result in environmental 

contamination and toxicity to the human body due to uncontrolled diffusion [36].  

Conversely, antimicrobial polymeric materials based on covalent linkages display high 

chemical stability and low volatility, and are able to exhibit therefore long-term activity 

[37,38]. Materials containing ammonium and/or phosphonium salts are probably the 

most widely studied and used as antimicrobial polymers. Accordingly, the biocide effect 

of the cationic PBS copolyesters synthesized in this work has been explored using 

Escherichia coli and Staphylococcus aureus as testing microorganisms. 
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2. Experimental 

2.1. Materials 

 Dimethyl succinate (DMS) was purchased from Merck-Schuchardt. 1,4-

butanediol (BD) (99%), L-glutamic acid dimethyl ester hydrochloride (2-ammonium 

dimethyl glutarate hydrochloride) (A-DMG·Cl), 1,1,1-tris(hydroxymethyl) ethane, 

tributylphosphine, diethyl carbonate  and lipase from Candida antarctica immobilized 

on macroporous acrylic resin (CALB) were purchased from Sigma-Aldrich. Succinic 

acid (SA), hydrobromic acid and solvents used for purification and characterization 

were purchased from Panreac. All they were of either technical or high-purity grade 

and used as received without further purification. 2-(N,N,N-trimethylammonium) 

dimethyl glutarate iodide (TMA-DMG·I) was synthesized from A-DMG·Cl according to 

the general procedure described in the literature for amine quaternization [39]. The 

PBS ionomer (PBS85SS15) containing 15 mole-% of sulfonated succinate used for the 

complex formation study was synthesized as described in detail elsewhere [28]. 

2.2. Measurements 

 Intrinsic viscosities were measured with an Ubbelohde viscometer thermostated 

at 25 ºC ± 0.1 ºC. Size exclusion chromatography (SEC) was performed on a Waters 

system equipped with a refractive index detector using 1,1,1,3,3,3-hexafluoro-2-

propanol as the mobile phase. Molecular weights and their distribution were calculated 

against poly(methyl methacrylate) standards using the Millenium 820 software. 

Absorbance measurements were performed with an UV-visible spectrophotometer 

UVmini-1240 using a 5 nm band-width. NMR spectra were recorded on a Bruker AMX-

300 spectrometer operating at 300.1 MHz for 1H and 75.5 MHz for 13C. About 10 mg for 

1H or 50 mg for 13C of polymer samples were dissolved in 1 mL of deuterated 

chloroform (CDCl3). 64 and 5,000-10,000 scans were acquired with 32-K and 64-K data 

points and 1 and 2 s of relaxation delays for 1H and 13C, respectively.  

The thermal behavior of the polyesters was examined by differential scanning 

calorimetry (DSC) with a Perkin-Elmer DSC Pyris 1 instrument calibrated with indium 

and zinc for temperature and enthalpy. DSC data were obtained from 4 to 6 mg 

samples at heating and cooling rates of 10 ºC·min-1 under nitrogen circulation (20 

mL·min-1). Glass transition temperatures were taken as the inflection point of the 

heating DSC traces of melt-quenched samples recorded at 20 ºC·min-1. TGA 

measurements were performed on 10 to 15 mg of sample under a nitrogen flow of 20 

mL·min-1 at a heating rate of 10 ºC·min-1 and within a temperature range of 30-600 ºC 

using a Mettler Toledo TGA/DSC 1 thermobalance. X-ray diffraction (XRD) patterns of 

copolyesters were recorded from powdered samples on the PANalytical X’Pert PRO 
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MPD θ/θ diffractometer using CuK radiation of wavelength 0.1542 nm. For the 

analysis of the complexes requiring heating, XRD was carried out with the sample 

introduced in a Lindemann glass capillary of 1.0 mm of diameter. Tensile testing was 

performed using bone shape specimens (2.7x10 mm2) that were cut from isotropic films 

obtained by hot pressing with a thickness of about 200 μm. Tensile tests were 

conducted at room temperature on a Zwick BZ2.5/TN1S universal tensile testing 

apparatus operating at a constant crosshead speed of 10 mm·min-1 with a 0.5 N 

preload and a grip-to-grip separation of 20 mm.  

2.3. Synthesis of cationic PBS copolyesters containing ammoniums. 

 Candida antarctica lipase immobilized on macroporous acrylic resin (CALB) 

was dried under vacuum (0.1 mm-Hg) at 25 ºC for 24 h. 2% (w/w) of CALB was 

transferred into a round-bottom flask containing a mixture of dimethyl succinate, L-

glutamic acid dimethyl ester hydrochloride and 1,4-butanediol. A molar ratio 1.4:1 of 

BD to the total of diesters was used for the synthesis of all polyesters. The reaction 

mixture was mechanically stirred under heating at 80 ºC for 72 h under a low nitrogen 

flow. Then a second 2% (w/w) CALB portion was added to the reaction mixture and the 

polycondensation reaction was initiated by raising the temperature to 90 ºC and 

reducing the pressure to 40 mbar, and these conditions were maintained for 72 h. 

Finally a third 2% (w/w) portion of CALB was added,  the temperature further increased 

to 115 ºC and the pressure reduced to 1.6·10-3 mbar, and the reaction left to proceed 

for 72 h more. The synthesis of PBS50G
I
50 and PBGI required both longer reaction times 

(around 300 h) and higher amounts of enzyme (a total of 10% w/w) than in the other 

cases. The viscous mass finally formed was cooled down to room temperature and the 

atmospheric pressure was restored with a nitrogen flow to prevent degradation. The 

resulting solid mass was dissolved in chloroform and filtered using a PTFE membrane 

with 0.5 µm pore size. The product recovered after evaporation of the solvent was used 

for characterization and property evaluation without further treatment. 

2.3. Synthesis of cationic PBS copolyesters containing phosphoniums. 

2,2-(dihydroxymethyl)propyl-tributylphosphonium bromide (PPD·Br) was 

synthesized in two steps according to the procedures described in the literature [40,41].  

2-(Bromomethyl)-2-methyl-1,3-propanediol was firstly prepared from 1,1,1-

tri(hydroxymethyl) ethane and then it was made to react with tributylphosphine to 

render PPD·Br. 1H and 13C NMR spectra of this compound and its precursor are 

available in the Electronic Supporting File (Figures ESI-1  and ESI-2). 
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The poly(butylene succinate) copolyesters containing tributylphosphonium 

groups (PBxPPyS) were obtained from succinic acid (SA) and mixtures of PPD·Br  and 

BD containing 3, 5, 8, 10 and 15 mol-% of the former. The reactions were performed in 

a three necked, cylindrical-bottom flask equipped with a mechanical stirrer, a nitrogen 

inlet and a vacuum-distillation outlet. An excess 1.4:1 of BD to SA was used and 

titanium tetrabutoxide (TBT, 0.3 w/w % respect to monomers) was the catalyst of 

choice. Esterification reactions were carried out under a low nitrogen flow at 170 ºC 

during 8 h. Polycondensation reactions were left to proceed at 190 ºC under a 2.9·10-3 

mbar vacuum for 8 h. Finally, the reaction mixture was cooled to room temperature and 

the atmospheric pressure was recovered with nitrogen to prevent degradation. The 

resulting solid mass without further treatment was used for the characterization and 

property evaluation unless otherwise stated. 

2.4. CALB activity test 

The enzyme activity was tested according to the procedure described by 

Schwab et al. [42]. In this test, the p-nitrophenol (pNP) generated by methanolysis of p-

nitrophenyl acetate (pNPAc) is followed by UV spectroscopy. 5 mL of a solution of 

pNPAc (7.25 mmol L-1) in toluene and 20 μL of methanol were succecively added to a 

stirred suspension of CALB (10 mg) in toluene (20 mL) at 40 ºC. Aliquots of 0.5 mL 

were then withdrawn every 5 min and diluted with 9.0 mL of toluene. The p-nitrophenol 

concentration was determined by measuring the UV absorption at 304 nm (εpNP, 9344.5 

M-1 cm-1 and εpNPAc, 2469.1 M-1 cm-1). The enzyme activity a (nmol of substrate 

converted by 1 mg of CALB per minute) was calculated using equations 1 and 2. 

 

   
                 

           
     Eq 1                            

     

       
       Eq 2 

 

2.5. Antimicrobial activity 

The antimicrobial activity was performed based on the dynamic shake flask 

method described by Anthierens et al. with some modifications [35]. Lyophilized strains 

of the microorganisms from CECT (Spanish Collection of Culture Types) were 

resuspended in TSB (Tryptone Soy Broth) for Escherichia coli and Staphylococcus 

aureus following the CECT instructions and then incubated for 24 h at 37 ºC, in TSA 

(Tryptone Soy Agar). The broth was then diluted in physiological peptone solution 

(PPS) containing 1 g of bacteriological peptone (Oxoid, Hampshire, United Kingdom) 

and 8.5 g of NaCl per liter to approximately 106  to 1010 colony forming units (cfu)·mL−1. 

1 mL of this solution was used to inoculate the sterile 1.5 mL centrifugal tubes 
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(Eppendorf, Hamburg, Germany) containing 100 mg of each sample (PBS, PBS84G
I
16, 

PBS50G
I
50 and PBGI for ammonium polymers and PBS, PB97PP3S, PB90PP10S, 

PB85PP15S for phosphonium polymers) to achieve finally an inoculation level of 

approximately 105 to 109 cfu·mL−1 depending on the assay. The pH of the PPS solution 

was adjusted to 5.8 with 0.2% HCl. Assays were conducted per duplicate at 37 ºC and 

under stirring (500 rpm). Samples were drawn at scheduled periods of time ranging 

from 30 min up to 24 h. 100 µL of each sample was then cultured in TSA petri plates 

per duplicate and incubated for 24 h at 37 ºC, after which the colonies were counted. 

Petri Plate Count Assay was used to determine the microorganism concentration 

expressed as colony forming units. Counts out of the range of 30-300 cfu per plate 

were discarded. 

 

 3. Results and discussion 

3.1. Synthesis of polyesters and copolyesters  

The routes followed for the synthesis of PBSxG
I
y and PBxPPyS polymers are 

depicted in Scheme 1. Initially the preparation of PBS copolyesters containing 

trimethylammoniums was pursued. Unfortunately, all attempts made to polymerize 

DMS with BD in the presence TMA-DMG·l were unsuccessful because the 

transesterification reaction was unable to proceed either in solution or in the bulk. 

Increasing the temperature or reducing the pressure to favor the release of methanol 

did not afford any positive result. Neither increasing amounts of CALB produced any 

perceivable effect. To elucidate if the enzyme activity was affected by the reaction 

components, activity tests for CALB were carried out using p-nitrophenyl acetate 

(pNPAc) as substrate in the presence and in the absence of TMA-DMG·I. The p-

nitrophenol (pNP) released in these essays along a period of 60 min of incubation is 

plotted against time in Figure 1. Whereas in the absence of TMA-DMG·I the alcoholisis 

of pNPAc took place steadily, no reaction occurred in the presence of the quaternary 

ammonium salt. It was concluded therefore that the polycondensation reaction could 

not advance at a detectable rate because the enzyme was fully inhibited by TMA-

DMG·l since the initial stage. Conversely, the same activity test carried out with A-

DMG·Cl afforded more favorable results. CALB activity was also depressed in the 

presence of this compound but it was still remained over 50% after one hour of 

reaction. Apparently the inhibitory effect of the ammonium group on CALB activity is 

drastically enhanced by quaternization. It is worthy to point that this result contrasts 

with those reported by Lozano et al. [43], who found that ionic liquids made of 
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quaternary imidazolium salts were suitable for carrying out transesterification reactions 

mediated by CALB.  

According to the enzyme activity results, PBSxG
I
y copolyesters were prepared by 

bulk polycondensation catalyzed by CALB since this method allows applying milder 

conditions than when organocatalysts are used. An excess of BD respect to the 

diesters was used to ensure the complete displacement of methanol, and temperature 

was increased gradually in order to minimize the decomposition of ammonium 

compounds and the denaturation of the enzyme. It is known that enzymes in general 

become inactive when they are exposed to temperatures above ~90 ºC, especially in 

aqueous environments [42]. The advance of the transesterification reaction was 

followed by 1H NMR which was found to be complete in six days. The oligomeric 

mixture was polycondensated at 115 ºC under a low pressure to favor the release of 

the excess of BD. As expected, the viscosity of the reaction mass increased with the 

content in GI units due to the formation of ionic aggregates, which are known to act as 

thermoreversible crosslinks [18,44]. The preparation of PBS50G
I
50 and PBGI required 

increasing both the reaction time and the amount of added fresh enzyme in order to 

attain molecular weights within the range of those obtained for PBSxG
I
y containing 

lower amounts of ionic groups.  

The influence of the tributylphosphonium compound PPD·Br on CALB activity 

was evaluated in a similar manner and results indicated that its effect was intermediate 

to those observed for the ammonium compounds. Nevertheless, at difference with 

PBSxG
I
y, PBxPPyS polymers could be successfully synthesized by melt 

polycondensation using TBT catalyst. As usual, the reaction was made to proceed 

along two stages. The first stage was carried out at 170 ºC under a nitrogen flow to 

facilitate the removal of the water generated by esterification. In the second stage, 

temperature was raised to 190 ºC and high vacuum applied in order to promote the 

transesterification reaction between the oligomers formed in the first step and to favor 

the releasing of the excess of BD. A series of PBxPPyS copolyesters with contents in 

phosphonium units ranging from 3 to 15 mol-% in addition to the homopolyester PPPS 

made of PPD·Br as the only diol could be prepared by this procedure in high yields 

(>90%). It should be noted that the temperature used in these polycondensations was 

significantly lower than that usually applied in the synthesis of PBS because -

elimination occurs in the phosphonium containing units at high temperatures.  

Synthesis results for the two series of ionic PBS copolyesters in addition to their 

respective parent homopolyesters are shown in Table 1. The PBS sample obtained by 

enzymatic polycondensation had an intrinsic viscosity of 0.9 dL·g-1 and a Mn of 25,000 

g·mol-1 with a dispersity around 2. This is an excellent result for the enzymatic 
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synthesis of this polyester that proves the suitability of the applied procedure. In fact, 

the highest molecular weight reported for enzymatically prepared PBS is about 3,000 

g·mol-1 [32]. The PBSxG
I
y copolyesters were obtained with Mn in the ~13,000-5,000 

range and viscosities ranging from ~0.4 to ~0.6 dL·g−1. PBxPPyS copolyesters obtained 

by melt polycondensation had Mn in the ~17,000-6,000 range and viscosities between 

~0.7 and ~0.45 dL·g-1. It is apparent from these results that polymer molar mass tend 

to decrease with increasing contents in either Gi or PP units in the copolyesters. 

Accordingly minimum molecular weight were obtained for the ionic homopolyesters 

PBGi and PPPS with Mn values of 4,500 and 6,000 g·mol-1, respectively.   Such 

behavior is attributed to the difficulty for releasing 1,4-butanediol from the highly 

viscous molten reaction mixture at the relative low temperature at which 

polycondensations have to be carried out. This trend is more pronounced in the case of 

the PBSxG
I
y series likely due to the partially inhibitory effect of DMG·Cl on CALB.  

The chemical structure and composition of the polyesters and copolyesters 

were ascertained by NMR spectroscopy. The 1H and 13C NMR spectra registered from 

representative members of the PBSxG
I
y and PBxPPyS series with their corresponding 

peaks assignments are shown in Figures 2 and 3, respectively. An accurate 

assignment of the 1H and 13C spectra associated to the different protons and carbons 

signals present in the copolyesters could be achieved by 2D heteronuclear shift 

correlation (hetcor) analysis (Figures ESI-3 and ESI-4). The chemical composition was 

determined by integration of selected signals arising from Gi or PP units and signals of 

succinate or butylene units, respectively. As it can be observed in Table 1, the amount 

of ionic units incorporated into the PBS copolyester was slightly lower than that used in 

the feed, the differences being around 10 mole-% and practically constant along the 

whole series for both cases.  

It should be noted that the 1H NMR spectra of all PBxPPyS copolyesters show a 

weak signal at 3.42 ppm due to the presence of dibutyleneoxide (DBO) units produced 

by the etherification side reaction between two hydroxybutyl units. The content in DBO 

of the copolyesters oscillated along the 2-4 mole-% range following roughly a trend 

parallel to their content in phosphonium units. The occurrence of this secondary 

reaction leading to the generation of ether groups in the polyester backbone was also 

reported for the synthesis of PET and PHT copolyesters containing sulfonated units 

[18,28].  In these cases much higher amounts of dialkylene glycol units were formed. 

3.3. Thermal and mechanical properties 

 The thermal behavior of homopolyesters and copolyesters of the two series has 

been comparatively examined by TGA and DSC, and the thermal parameters 
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estimated in this study are given in Table 2. The thermal stability was evaluated under 

inert atmosphere and the TGA traces recorded for the two sets of polyesters together 

with derivative curves for selected cases are shown in Figure 4. The comparative 

analysis of these traces indicates that the thermal stability of the ionic copolyesters 

steadily decreases with the incorporation of GI or PPD units so both onset (oTd) and 

maximum rate decomposition (maxTd) temperatures range between the values displayed 

by their parent homopolyesters PBS and PBGI or PBS and PPPS, respectively. 

Although the resistance to heat of the ionic copolyesters is significantly lower than that 

of PBS, the oTd -Tm window is still wide enough as to allow their reversible melting and 

processing by thermal methods. In analogy with PBS, decomposition of PBSxG
I
y 

copolyesters took place essentially in one stage whereas the PBxPPyS copolyesters 

degrade through a complex mechanism that involves two or three decomposition 

stages, depending on their composition (Figure 4b’). On the other hand, similar 

remaining weights were found for the two series after heating at 600 ºC for similar 

copolyesters compositions but without apparent correlation with their ionic contents.  

The heating DSC traces of the polyester samples that had been previously 

cooled by quenching from the melt showed the slope change characteristic of glass 

transition for all the studied compositions. The temperatures recorded for such changes 

revealed that the Tg of PBS steadily increased with the increasing content in ionic units. 

According to what should be reasonably expected, the incorporation of ionic groups 

caused a significant increase in the Tg of PBS. This enhancing Tg effect is clearly 

evidenced when the ionic homopolyesters are compared with PBS in this regard; both 

PBGi and PPPS have Tg values much higher than PBS in spite that their molecular 

weights are several times lower. According to Shohamy et al. [45], these results are 

fully consistent with the effect on Tg that should be expected from the occurrence of 

ionic interactions.  

The first heating DSC traces of the polyester coming directly from synthesis are 

depicted in Figure 5 for the two series. All copolyesters without exception produced first 

heating traces with endothermal peaks characteristic of melting which is demonstrative 

that all they were semicrystalline. Both Tm and ΔHm were found to decrease steadily 

with the content in ionic units which is a sounded result since neither the ammonium 

nor the phosphonium side groups are expected to be able to accommodate in the PBS 

crystal lattice. Furthermore, crystallization from the melt was found to be only feasible 

for copolyesters with moderate ionic compositions, which is thought to be the 

consequence of the restricted chain mobility caused by ionic aggregation. Only 

PBSxG
I
y and PBxPPyS copolyesters containing up to 16 mole-% of GI units and 10 

mole-% of PP units, respectively, were able to crystallize from the melt and therefore to 
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show melting at the second heating (second heating DSC traces are accessible in the . 

ESI file, Figure ESI-5). Lastly it is worthy to comment that PBGi showed melting 

whereas no heat exchange was detected in the DSC traces recorded from the PPPS 

homopolyester. The absence of crystallinity in PPPS is a reasonably expected result 

given the great bulkiness of the pendant tributylphosphonium group. The general 

conclusion drawn from DSC results is that ionic groups depress the crystallinity of PBS 

and that such effect must be interpreted as a combination of two hindering factors: a) 

the incompatibility of the butylene succinate and the ionic units to cocrystallize within 

the same lattice, and b) the difficulty of the polymer chains to diffuse due to high melt 

viscosity of the ionic polyesters. The former is the simple consequence of the different 

constitution of the units whereas the latter is caused by the strong interactions that are 

characteristic for ionic charged polymers. 

The tensile properties, such as Young’s modulus (E), the maximum stress 

(σmax), and the elongation at break (εmax), were determined for amorphous samples of 

the PBxPPyS copolyesters with PP contents equal or below 8 mole-%. Copolyesters 

containing higher amounts of phosphonium units could not be evaluated because 

samples were too brittle and the same happened with copolyesters containing 

ammonium units. The stress−strain curves resulted from tensile essays are depicted in 

Figure 6 and the mechanical parameters measured therefrom are compared in Table 2. 

It was found that the E modulus increased and εmax decreased with the content of PP 

units whereas not clear trend was observed for tensile strength. It should be highlighted 

that the E modulus of PBS increased more than 100% when only 8 mole-% of PP units 

were incorporated in the chain which is a really amazing result that reveals the 

enormous stiff enhancing effect of the tributylphosphonium side group.  

3.4. Crystal structure and crystallizability: coupling with anionic PBS copolyesters 

Semicrystalline PBSxG
I
y and PBxPPyS copolyesters were analyzed by powder 

XRD and the recorded profiles are compared in Figure 7 where PBS has been also 

included for reference. Essentially the same diffraction pattern comprising both peak 

spacing and intensity is shared by PBS and the ionic copolyesters. The pattern is 

distinguished by the presence of three sharp strong reflections at 4.5, 4.1 and 3.9 Å 

indicating that the monoclinic crystal structure of PBS [46] is retained in the 

copolyesters. As it has been reported for several random copolyesters containing 

unequal amounts of comonomers, the crystallinity attained in such systems is feasible 

because crystallites are formed exclusively from homogeneous polymer segments 

made up of the major comonomer whereas the minor one is segregated to the 

amorphous phase [47,48]. Regarding the homopolyesters, no discrete scattering is 
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detected in the profile recorded from PPPS according to the amorphous nature of this 

polymer. On the contrary, PBGI produces a well-defined crystalline pattern that is 

radically dissimilar to that of PBS and indicates therefore the occurrence of a different 

crystal structure. 

Ionic coupling between polyelectrolytes of opposite sign is known to proceed 

with generation of a stable heterocomplex that distinguishes in displaying properties 

different to its individual components [49,50]. In order to investigate this issue, a 

sample of anionic PBS copolyester containing sulfonate units was used as counterpart 

for the cationic copolyesters studied in this work. Thus nearly isocompositional 

copolyester pairs PB84G
i
16S/PB85SS15 and PB85PP15S/ PB85SS15 were made to interact 

in 1,1,1.3,3,3-hexafluoro-2-propanol solution, and the structure and thermal behavior of 

the product resulting in each case upon evaporation to dryness was examined by TGA, 

DSC and XRD. Data collected in this study for the mixed compounds (PBS-Gi/SS and 

PBS-PP/SS) are compared with those of the three neat ionic copolyesters in Table 3. 

The thermal stability of the complexes slightly decreased with respect to the cationic 

components probably due to the presence of the less stable anionic copolyester. 

Regarding Tm, no noteworthy differences were observed between the complex and the 

isolated components probably because the density of ionic interactions is too low as to 

disturb crystallite size. On the contrary the Tg was found to increase significantly in the 

complexes which makes sense since the ionic interactions are expected to take place 

exclusively in the amorphous phase. Nevertheless, the most noticeable differences 

between complexes and individual copolyesters were those concerning crystallization 

at cooling from the melt (Figure 8). PB84G
i
16S crystallized homogeneously in one single 

peak whereas crystallization of PBS-Gi/SS showed a second peak at lower 

temperature (Figure 8a). Differences in crystallization became even clearer for the 

PB85PP15S/ PB85SS15 system. As it is seen in Figure 8a’, no crystallization could be 

detected for none of the two isolated components whereas a strong exothermic peak 

was observed for the PBS-PP/SS complex. The distinctive crystallization features 

observed in the blends are due to the nucleating effect exerted by the microcrystallites 

that are generated by specific interactions between the opposite charged ionic groups. 

Such effect was ascertained by a comparative isothermal crystallization study carried 

out on the PB85PP15S/ PB85SS15 system. Details of this study are given in the ESI file 

(Figure ESI-6). Kinetics parameters resulting from the application of the Avrami 

approach (Table 3) revealed that crystallization of PB85SS15 took place with a t(1/2) 

approximately double than the complex with no perceivable changes in the 

crystallization mechanism.  
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PBS-Gi/SS and PBS-PP/SS complexes were examined by XRD in order to get 

insight the complex structure and corroborate the occurrence of ionic microcrystallites. 

The XRD profiles registered from the two isolated ionic copolyesters and their 

corresponding complex are shown in Figures 8b and 8b’ for the two systems. In both 

cases the three compared profiles display the pattern characteristic of PBS with strong 

peaks at 3.9, 4.1 and 4.5 Å indicating that the crystal structure of the cationic 

copolyesters is retained in the complexes. What is really noteworthy is the presence in 

the trace recorded from PBS-PP/SS of two sharp peaks of low intensity at about 2.9 

and 3.4 Å. These peaks do not disappear after heating the sample at temperatures 

above the Tm and they are made to correspond to small crystallites made of ionic 

motives. After cooling the diffraction pattern characteristic of PBS was recovered with 

the two small peaks unchanged. It can be concluded therefore that the ionic crystallites 

preserved in the molten state act as effective nuclei in the crystallization of PBS.  

3.5. Antimicrobial activity 

As the last part of this research the antimicrobial activity of the cationic 

copolyesters of PBS was explored against E. coli and S. aureus. The ammonium 

containing PBS copolyesters tested were PBS50G
I
50 and PBS84G

I
16 in addition to the 

homopolyester PBGi. The selected phosphonium contaning PBS copolyesters were 

PB97PP3S, PB90PP10S and PB85PP15S. A PBS sample was also tested for reference. 

The results obtained from these essays are represented in Figure 9.   

In all cases the response of PBS was similar to the blank indicating that this 

polyester does not exert perceivable biocide activity. On the contrary, the results 

observed for the PBS copolyesters containing ionic groups clearly brought into 

evidence their microbial effect.  Thus a complete inactivation of the colony was 

observed in a few minutes for E. coli cultured in the presence of PBGi and also a 

drastic decreasing in viability was observed after a few hours in the presence of the 

PBS50G
I
50. It is worthy to compare these results with those reported by Riva et al. [51]  

for poly(-caprolactone) grafted with ammonium salts; they observed a fast and 

complete inactivation of the E. coli by PCL containing 30 mol-% of ammonium groups 

after 1 h when a concentration of ~10 g·L-1 of active groups were used in the dynamic 

shake flask method. The inactivation for S. aureus was even more noticeable in spite 

that this bacterium is known to be much more resistant to adverse factors. PBGI was 

able to completely inactivate cell proliferation in a period of a few hours and   PBS50G
I
50 

made to fall the CFU concentration in about five orders after less than one day of 

incubation. The results obtained for PBS84G
I
16 were uneven and no clear conclusions 

can be derived from them.    
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The trend observed for the PBxPPyS series was highly depending on 

composition and a close comparison with the PBSxG
I
y series is not feasible because 

copolyesters with high ionic compositions are not available for the former. An 

inspection of the data shown in Figure 9 for both E. coli and S. aureus reveals that no 

clear effect is displayed by copolyesters containing 3% and 10% of phosphonium 

groups whereas the biocide activity of PB85PP15S becomes unmistakably manifested. 

In fact, the presence of this copolyester in both cultures promoted a steady decay of 

CFU of about five orders after only one day of incubation. It is also remarkable that the 

antibacterial effect of this copolyester is clearly perceived since the beginning of the 

assay. 

The above reported observations lead to conclude the following:  a) The biocide 

effect of both ammonium and phosphonium containing PBS copolyesters is highly 

depending on composition so it is only clearly manifested above certain contents in 

ionic groups. b) The phosphonium containing PBS copolyesters are particularly active 

and they display a sustained biocide effect with similar intensity for the two tested 

bacteria.  

 

4. Conclusions  

Two series of cationic PBS copolyesters containing ammonium and 

tributylphosphonium side groups in contents up to 50 %-mole in addition to the entirely 

ionic homopolyesters have been synthesized. The high sensitivity to heat of cationic 

compounds made necessary to apply polymerization conditions less severe than usual. 

CALB enzymatic mediated polycondensation at temperatures close to 100 ºC has been 

proved to be a suitable method to produce ammonium containing PBS copolyesters. 

PBS copolyesters bearing phosphonium groups could be successfully prepared by melt 

polycondensation assisted by titanium catalyst by applying relative lower temperatures. 

The cationic PBS copolyesters display a panel of properties that reflects the 

presence of the ionic units in the polyester chain. Their thermal stability decreases 

respect to PBS for the two series but all the copolyesters continue to be heat resistant 

enough as to be processed by melting. They are semicrystalline and they adopt the 

same crystal structure as PBS although their melting temperature and crystallinity 

decrease with the content in ionic groups. On the contrary, the Tg of PBS regularly 

increases with the insertion of either ammonium or phosphonium units due the 

decreasing in chain mobility caused by strong ionic interactions. Such interactions are 

also responsible for the high melt viscosity displayed by these cationic PBS 

copolyesters so that only those with moderate ionic contents are able to crystallize from 

the melt under non-isothermal conditions. Blending with anionic PBS copolyesters 
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containing sulfonate groups entails formation of ionically compensated microcrystallites 

that are resistant to temperature and are able to act as effective nucleating agent in the 

crystallization from the melt.     

Ammonium and phosphonium containing PBS copolyesters show a noticeable 

biocide activity against both gram-positive and gram-negative bacteria that is strongly 

depending on composition. The copolyesters containing 50 mole-% of ammonium 

groups or 15% of phosphonium groups display strong biocide in periods of time of 

hours, which is a very interesting result given the potential of PBS as packaging and 

coating material. Not only copolymerization but also blending of PBS with cationic 

containing copolyester master-batches will be promising approaches to attain PBS 

formulations with antimicrobial activity.      
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Table 1. Composition and molecular weights of PBSxG
I
y and PBxPPyS copolyesters. 

Copolyester 
Copolyester 
composition

a
 

 
Copolyester 
composition

b
 

 
DBO 

content
c
 

 
Molecular weight 

 S/G
I 
or B/PP

a 
 S/G

I 
or

 
B/PP  mol-%  [η]

d
 Mn

e
 Mn

f
 Ð

f
 

Ammonium containing polymers 

PBS 100/0  100/0  -  0.90 25,000 31,000 1.9 

PBS97G
I
3 97/3  97.6/2.6  -  0.60 13,000 11,000 2.1 

PBS90G
I
10 90/10  90.7/9.3  -  0.45 5,400 5,000 2.5 

PBS84G
I
16 84/16  85.7/14.3  -  0.40 5,500 4,500 2.6 

PBS50G
I
50 50/50  56/44  -  0.36 4,900 - - 

PBG
I
 0/100  0/100  -  0.35 4,500 - - 

Phosphonium containing polymers 

PBS 100/0  100/0  -  1.00 - 18,200 2.5 

PB97PP3S 97/3  97.1/2.9  1.8  0.68 - 16,700 2.1 

PB95PP5S 95/5  95.2/4.8  2.7  0.64 - 11,800 2.2 

PB92PP8S 92/8  92.7/7.3  3.9  0.54 - 22,000 2.2 

PB90PP10S 90/10  90.4/9.6  3.9  0.49 - 10,000 2.3 

PB85PP15S 85/15  86.1/13.9  2.9  0.44 - 6,300 2.4 

PPPS 0/100  0/100  -  0.31 - 6,000 3 

a
Molar ratio of comonomers in the feed.  

b
Composition of the copolyester (mol/mol) determined by 

1
H NMR. 

c
Composition in dibutyleneoxide units in mol-% determined by 

1
H NMR

 

d
Intrinsic viscosity (dL·g

-1
) measured in dichloroacetic acid at 25 ºC.  

e
Number-average molecular weight (Mn) (g·mol

-1
) determined by NMR end-group analysis. 

f
Number-average molecular weight (Mn)(g·mol

-1
)  and dispersity (Ð) determined by GPC. 

 
 
 
 
 
 
 
 

Table(s)



Table 2. Thermal and mechanical properties of PBS homopolyester and PBxPPyS copolyesters. 

 
 

TGA  DSC  Stress-strain parameters
g
 

 
o
Td

a
 

max
Td

b
 RW

c
  Tg

d
 Tm

e 
ΔHm

e
  Tc

f
 ΔHc

f
  E σmax εmax 

Copolyester (ºC) (ºC) (%)  (ºC) (ºC) (Jg
-1

)  (ºC) (Jg
-1

)  (Mpa) (Mpa) (%) 

Ammonium containing polymers 

PBS
h 

376 408 0.9  -39 114 (113) 101 (68)  71 -69  - - - 

PBS97G
I
3 374 407 1.1  -37 114 (113) 96 (74)  70 -72  - -  

PBS90G
I
10 369 406 3.2  -35 107 (106) 58 (43)  53 -43  - - - 

PBS84G
I
16 367 406 1.8  -34 108 (108) 90 (72)  56 -71  - - - 

PBS50G
I
50 343 391 10  -27 77 (81) 63 (37)  - -  - - - 

PBG
I
 292 342 16  -10 85 52 (-)  - -  - - - 

Phosphonium containing polymers 

PBS
h 

356 405 3  -37 113 (114) 77 (67)  78 -62  403±3 26±1 10±0.5 

PB97PP3S 301 337/391 4  -37 111 (111) 71 (67)  70 -60  583±10 28±1 8±0.3 

PB95PP5S 294 328/387 5  -37 111 (109) 68 (66)  68 -59  736±30 29±1 5±0.5 

PB92PP8S 288 322/373 5  -36 105 (104) 48 (56)  58 -53  893±40 19±2 1.4±0.3 

PB90PP10S 288 318/356/383 5  -34 104 (102) 42 (35)  58 -35  - - - 

PB85PP15S 283 308/352/401 4  -31 94 (89) 41 (32)  - -  - - - 

PPPS 310 325/353/423 3  -29 - -  - -  - - - 

a
Degradation temperature at which a 10% weight loss was observed in TGA traces at 10 ºC·min

-1
. 

b
Temperature of maximum degradation rate. 

c
Remaining weight at 600 ºC. 

d
Glass transition  temperature taken as the inflection point of the heating DSC traces of melt-quenched samples recorded at 20 ºC·min

-1
. 

e
Melting temperatures and enthalpies were registered at a heating rate of 10  ºC·min

-1
. In parenthesis, values recorded at the second heating. 

f
Crystallization temperatures and enthalpies were registered at cooling from 200 ºC at 10 ºC·min

-1
. 

g
Young’s modulus, maximum tensile stress and elongation at break measured at room temperature on a Zwick BZ2.5/TN1S. 

h
PBS samples used for reference and prepared by the method respectively applied for each series. 

  
 
 
 
 

 

 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Compared properties of sulfonated and phosphonium/ammonium copolyesters of PBS and their equimolar mixtures. 

   TGA-DSC  
Isothermal 

crystallization 
WAXS 
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t(1/2) 

(min) 
n -logK  

d 
(Å) 

PBS85SS15 13.8 0.74 33,000  315 -32 106 -  3.8 2.1 1.4  3.9, 4.1, 4.5 

PBS84G
I
16 14.3 0.40 12,000  367 -34 108 56  - - -  3.9, 4,1 4.5 

PBS85PP15S 13.9 0.44 15,000  283 -31 89 -  - - -  3.9, 4.1, 4.5 

               

PBS(G
I
-SS) - 0.59 -  327 -34 105,109 63,56  - - -  3.9, 4.1, 4.5 

PBS(PP-SS) - 0.68 -  289 -29 104 48  1.9 1.9 0.5  3.9, 4.1, 4.5 (2.9, 3.4) 

a
Intrinsic viscosity (dL·g

-1
) measured in dichloroacetic acid at 25 ºC. 

b
Weight-average molecular weight (Mw) (g·mol

-1
) determined by GPC. 

c
Degradation  temperature at which a 10% weight loss was observed in TGA traces at 10  ºC·min

-1
. 

d
Glass transition  temperature taken as the inflection point of the heating DSC traces of melt-quenched samples recorded at 20 ºC·min

-1
. 

e
Melting temperatures were registered at a heating rate of 10  ºC·min

-1
.  

f
Crystallization temperatures and enthalpies were registered  at cooling at 10 ºC·min

-1
. 
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Scheme 1. Synthesis routes to cationic PBS copolyesters. Top: Amonnium containing 
copolyesters prepared by enzymatic polycondensation. Bottom: Phosphonium 
containing copolyesters prepared by melt polycondensation catalyzed by TBT.    
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Figure 1. Loss of activity of CALB in the presence of ammonium and 
phosphonium compounds.  
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Figure 2. 1H NMR (bottom) and 13C NMR (top) spectra of PBS84G
I
16. The 

asterisked peak arises from methyl silicone impurity. 
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Figure 3. 1H NMR (bottom) and 13C NMR (top) spectra of PB95PP5S. Peaks 
arising from DBO units are labelled with asterisks.  
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Figure 4. TGA traces (a, a’) and derivative curves (b,b’) of PBSxG
I
y and 

PBxPPyS  copolyesters. 
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Figure 5. DSC traces at first heating of PBSxG
I
y (a) and PBxPPyS (b) copolyesters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Stress−strain curves of PBxPPyS copolyesters. 
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Figure 7.  Powder  XRD  profiles  of  PBSxG
I
y (a) and PBxPPyS (b) copolyesters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Non-isothermal crystallization and crystalline structure of heterocomplexes 
made of ionic copolymers of PBS compared to their respective components. a, a’) DSC 
traces registered at cooling from the melt. b, b’) Powder XRD profiles. In b’) the profiles 
registered at temperatures above Tm are also included.  
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Figure 9.  Microbial colony counts along the dynamic shake flask experiment for Escherichia coli and Staphylococcus 
aureus in contact with PBS and PBS copolyesters containg ammonium (top) and phosphonium units (bottom). 
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