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Synthesis and characterization of fully biobased
polyesters with tunable branched architectures†

Nejib Kasmi,a Catherine Pinel,b Denilson Da Silva Perez,c Reiner Dieden a and

Youssef Habibi *a

A
 
series

 
of

 
sugar-derived

 
triols

 
and

 
biobased

 
diacids

 
were

 
combined

 
to

 
prepare

 
fully

 
biobased

 
branched

 
polyesters

 
with

 
different

 
structural

 

features
 
by

 
melt

 
polycondensation.

 
By

 
applying

 
the

 
BiMolecular

 
Non-Linear

 
Polymerization

 
methodology

 
(BMNLP),

 
the

 
molar

 
ratio

 
of

 
diacid/

triols
 
was

 
varied

 
to

 
access

 
branched

 
polyesters

 
bearing

 
either

 
hydroxyl

 
or

 
carboxyl

 
moieties

 
as

 
end

 
groups.

 
The

 
structural

 
features

 
of

 
the

 

resulting
 
polymers

 
were

 
scrutinized

 
by

 
1H/13C

 
NMR,

 
and

 
FT-IR

 
spectroscopies,

 
whereas

 
DSC

 
and

 
TGA

 
were

 
used

 
to

 
investigate

 
their

 
thermal

 

properties.
 
The

 
structure–property

 
relationship

 
of

 
the

 
synthesized

 
polyesters

 
was

 
correlated

 
to

 
the

 
structure

 
of

 
the

 
triols

 
and

 
diacids

 
and

 
their

 

molar
 
ratio.

 
Both

 
prepared

 
carboxyl-ended

 
and

 
hydroxyl-ended

 
branched

 
polyesters

 
were

 
amorphous

 
with

 
relatively

 
low

 
glass

 
transition

 

temperatures
 
ranging

 
between

 
−57

 
and

 
−18

 
°C

 
for

 
hydroxyl

 
terminated

 
polyesters

 
while

 
for

 
carboxyl

 
terminated

 
ones,

 
they

 
oscillate

 
between

 

−37
 
and

 
19

 
°C.

 
All

 
these

 
polyesters

 
exhibit

 
good

 
heat

 
resis-tance

 
with

 
onset

 
degradation

 
temperature

 
Td,5% ranging

 
from

 
180

 
to

 
268

 
°C

 
and

 

from
 
168

 
to

 
236

 
°C

 
for

 
COOH-

 
and

 
OH-end

 
groups-bearing

 
polymers

 
series,

 
respectively.

 
The

 
structural

 
features

 
and

 
properties

 
of

 
the

 

resulting
 
branched

 
fully

 
biobased

 
polyesters

 
make

 
them

 
not

 
only

 
potential

 
candidates

 
for

 
a

 
wide

 
range

 
of

 
applications

 
but

 
also

 
as

 
intermediate

 

substrates
 
for

 
further

 
chemical

 
modifications

 
and/or

 
chain

 
extension

 
to

 
access

 
a

 
wide

 
range

 
of

 
functional

 
(co)polymer

 
materials.

1. Introduction

Bio-based polymers have witnessed a spiralling growth of inter-

est, shaping thus the future of sustainable plastics as one of

the most interesting domains in materials science.1–5 The

development of this type of eco-friendly polymers will not only

alleviate our overwhelming reliance on fossil feedstock, but

providing also new materials with a significantly better

environmental footprint and enhanced performances with

respect to those of their petroleum-based counterparts.6–8

Among the different classes of polymers, polyesters are the

most rapidly growing with the largest market share of bioplas-

tics.9 Linear biobased polyesters, either aliphatic or aromatic,

are one of the most actively investigated polymer families. This

stems primarily from their interesting properties, transpar-

ency, reusability and low cost and they have received a tremen-

dous level of interest.10,11 A distinguished bunch of biobased

polyesters such as poly(L-lactic acid) (PLA), furanoate co/

polyesters,12–21 poly(alkylene succinates)22–28 and others, such

as poly(3-hydroxy butyrates) (PHA), poly(hydroxyl alkanoate)s

(PHAs), are commercially available nowadays in various forms

witnessing for the future importance of such polymers.29–31

(Hyper)-branched polyesters are a class of polymers that is

attracting a tremendous level of interest due to their unique

three-dimensional molecular structures that can be easily tuned

by controlling the branching degree as well as their functional

end groups endowing them with a wide range properties.32

These properties make them promising candidates for several

applications such as supports for catalysts, and viscosity modi-

fiers, as well as targeted drug delivery systems.33,34 As relevant

example, an interesting recent review highlighting the synthetic

procedures of polyglycerol hyperbranched polyesters as well as

their applications in pharmaceutical technology and in bio-

medical applications was published by Boccaccini and Bikiaris

groups.35 In this context along with the relatively good avail-

ability of suitable building blocks derived from renewable

resources, particular interest has been devoted to access bio-

based branched-type polyesters.34,36–43 Such interest is expected

to further increase under the developments currently made in

the production of building blocks that will bring forth new

entirely biomass-derived monomers (triols, and diacids)
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through optimized processes.44 This is due to the attractive fea-

tures that can be easily tuned by controlling their functionality

from hydroxyl to carboxylic end groups leading to very distinct

properties and thus multiple uses.45–47

Hemicelluloses constitute an important feedstock for the

preparation of sustainable building blocks including diols,

polyols, diacids, diamines etc., through catalytic and biotech-

nological pathways.48,49 Polyols are the main building blocks

necessary; 1,2,6-hexanetriol is such a biobased triol, which

readily prepared by hydrogenolytic ring-opening of 5-hydroxy-

methylfurfural (HMF) which can be in turn prepared through

sequential hydrolysis, isomerization, and dehydration of

sugars derived from hemicellulose.50 1,2,4-Butanetriol,

another eco-friendly valuable polyol extensively exploited in

polyurethane foams production, is being obtained from

xylose.51 A major breakthrough involving a catalytic conversion

of lignocellulosic biomass, corn stover, into adipic acid has

been recently reported by Han.52 In this green process, hemi-

cellulose and cellulose derived δ-valerolactone was used as

solvent and an intermediate platform chemical. Succinic acid

is a further example of a highly promising biobased

C4 monomer that has been identified as one of the top twelve

sugar-based building blocks by the US Department of

Energy.53 This renewable bifunctional acid can be prepared

from biomass-derived furan compounds through a metal-free

oxidative synthesis using a heterogeneous acid catalyst with

hydrogen peroxide.53

To the best of our knowledge, the investigation of struc-

ture–properties relationship of branched polyesters prepared

from hemicellulose-derived building blocks, mentioned above,

is examined herein for the first time. Apart from these sugar-

derived diacid, a vegetable oil-derived bifunctional diacid

monomer, namely azelaic acid, was also used to shed light on

the effect of the chain length of the acid part on the properties

of the polyesters. This diacid is extracted from plant source or

prepared from oleic acid through its ozonolysis.54,55 In this

context, the aim of this work was to prepare through melt poly-

condensation fully biobased branched polyesters, wherein the

effect of structural features of the used building blocks,

namely aliphatic diacid with triols on the final properties the

resulting polymers, were deeply investigated.

2. Experimental section
2.1. Materials

1,2,6-Hexanetriol (HTO, purum 96%), 1,2,4-butanetriol (BTO,

purum > 90%), succinic acid (SucA, purum 99%), adipic acid

(AdiA, purum 99.5%) and azelaïc acid (AzeA, purum 98%),

reagents, tertrabutyl titanate (TBT) catalyst, were purchased

from Sigma-Aldrich. All other solvents and materials used were

of analytical grade.

2.2. Polymer synthesis

The BiMolecular Non-Linear Polymerization methodology

(BMNLP) was used to set the conditions for the synthesis of

BPE by step-growth polymerization approach, in order to

adjust their structural features particularly their end groups.56

As relevant reported examples, but not limited to, BMNLP

strategy has been used to synthesize various hyperbranched

polyurethanes, polyesters, polyethers, polyamides, as well as

polycarbosiloxanes and polysiloxanes.57–62 Developed by Flory

and Stockmayer,63,64 this method allows the prediction of a

number of properties of the branching reaction which can

undergo gelation by establishing the criterion for the gelation

of the reactive system in terms of molar ratios of the reactive

groups. In this method, the critical conditions for gelation to

accommodate arbitrary functionalities of the reactive mono-

mers in an [aAx + bBy] system where x ≥ 2 and y ≥ 3 are gener-

alized in the following equation:

r pA
2 � 1=ðx� 1Þðy� 1Þ

with r as the ratio of the number of A and B groups initially

present in the system and pA and pB the probability that that

groups A or B respectively have reacted between them at any

stage of the reaction.

Hence, if A is the minor component a soluble branched

material is obtained when

r pA
2 > ðx� 1Þðy� 1Þ

and if B is the minor component, it will obtained when pB
2/r <

1/(x − 1)(y − 1).

Thus, for example if all B groups present in the aAx + bBy

system react, a branched polymer having A end-groups will be

formed without gelation if: r > (x − 1)(y − 1) with r = ax/by.

And if all A groups react, a soluble branched polymer with

B end-groups will be formed if

r < 1=ð1� xÞð1� yÞ:

Based on this method it is assumedly possible to predict

the chain termination of branched polyesters. Thus, polyesters

derived from BTO or HTO with AzeA, SucA or AdiA with either

hydroxyl or carboxyl end-chain end groups were synthetized

and characterized. In the present work, A is corresponding to

di-carboxylic acid compounds such as AzeA, SucA or AdiA

(x = 2) and B to multifunctional alcohols such as BTO and

HTO (y = 3). Hence, the reaction system corresponds to [aA2 +

bB3], and therefore it is expected to form a branched polyester

material by a step-growth polymerization reaction in equimolar

quantities of functional groups.

2.2.1 BPE bearing carboxyl end groups. BPE samples

bearing COOH end-groups were synthesized via the two-stage

polycondensation procedure (esterification and polycondensa-

tion) in an autoclave reactor equipped with mechanical stirrer.

Predetermined amount of SucA, AdiA or AzeA diacid and BTO

or HTO aliphatic triol with molar ratio of diacid : triol of 4 : 1

were fed into the reactor with 400 ppm of TBT catalyst. In the

first stage, esterification reaction was carried out under a mild

nitrogen flow at the temperature range of 160–190 °C. This

reaction lasted for 4 h (1.5 h at 160 °C, 1 h at 170 °C, 1 h at

180 °C, and for an additional 0.5 h at 190 °C). In the second
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step, the polycondensation was performed under a high

vacuum of 100 mbar slowly applied over a time of 20 min to

minimize the oligomers sublimation. The temperature of the

mixture was raised to 210–230 °C stepwise (1.5 h at 210 °C, 1 h

at 220 °C, and for 0.5 h at 230 °C). To purify the resulting BEPs

bearing carboxylic acid end groups by removing unreacted

monomers, after cooling down the system to room tempera-

ture, the produced BPEs were recovered and dissolved in

DMSO and then precipitated in large volume of water

(10 times the volume of DMSO) and recovered by filtration.

This operation is repeated three times to ensure the elimin-

ation of all unreacted monomers and finally the recovered

polymers were thoroughly washed by water to remove any

residual DMSO before being dried to constant weight at 80 °C

under vacuum. The four BPEs derived from AzeA and AdiA

showed waxy-like, while the other two SucA-based BPEs were

obtained in powder form. The resulting BPE samples are

labelled as follow: SucA/BTO (–COOH), SucA/HTO (–COOH),

AdiA/BTO (–COOH), AzeA/BTO (–COOH), AdiA/HTO (–COOH),

and AzeA/HTO (–COOH).

2.2.2. BPEs bearing hydroxyl end groups. BPE products

with free –OH end-groups were prepared using exactly the

same procedure applied for carboxyl end groups-bearing BPEs.

The only difference in synthesis protocol is the molar ratio of

the introduced reagents, in which the molar feed amounts of

diacid/triol used was 1/3. The synthesized PBEs bearing

hydroxyl end groups were purified using similar procedure as

for BEPs bearing carboxylic end groups. Briefly they were first

dissolved in DMSO followed by precipitation in water (using 10

times volume of DMSO) and then filtration. They were then

washed by water to remove any residual DMSO and dried to

constant weight under vacuum at 80 °C. These BPE samples,

obtained as highly viscous liquid, are tagged as follow: SucA/

BTO (–OH), SucA/HTO (–OH), AdiA/BTO (–OH), AzeA/BTO

(–OH), AdiA/HTO (–OH), and AzeA/HTO (–OH).

2.3. Polymer characterization

2.3.1. Nuclear magnetic resonance (NMR). 1H and 13C

NMR spectra were recorded at a frequency of 600 MHz on an

AVANCE III HD Bruker spectrometer. Connectivity of the com-

pounds was studied using COSY, HSQC and HMBC 2D NMR

spectroscopy. Polyesters were prepared by dissolving the

sample in deuterated dimethyl sulfoxide (DMSO-d6). Proton

and carbon NMR chemical shifts are referenced to that of

tetramethylsilane (TMS).

2.3.2. Gel permeation chromatography (GPC). GPC was

carried out to ascertain the average molecular weights (Mn)

and dispersity (PDI = Mw/Mn) of all prepared polyesters. A 1260

Infinity II gel permeation chromatograph (GPC, Agilent

Technologies, USA) was used, equipped with a refractive index

detector at 35 °C, using an Agilent PLgel MIXED-C column.

DMF was used as eluent (0.5 ml min−1) at 35° C for branched

polyesters. Universal calibration was made by using poly-

styrene standards (Agilent EasiVial PS-M and PSS Polymer

Standards), with Mp oscillating from 160 to 1 500 000.

2.3.3. Differential scanning calorimetry (DSC). Thermal

transition behaviour of all prepared polyesters was recorded

with a METTLER TOLEDO instrument. Approximately 5–7 mg

of sample, sealed in aluminium pan, was heated under nitro-

gen from −80 to 150 °C at a heating rate of 10 °C min−1. The

sample was then cooled down to −80 °C at 10 °C min−1 and

held at this temperature for 10 min to erase any thermal

history and heated again for the second heating scan from

−80 °C to 200 °C with a heating rate of 10 °C min−1.

2.3.4. Thermo-gravimetric analysis (TGA). Thermogravimetry

analysis measurements were performed using a METTLER

TOLEDO instrument. Polyesters samples were heated under

nitrogen flow from room temperature to 700 °C at heating rate

of 10 °C min−1.

3. Results and discussion
3.1. Synthesis and structural characterization of branched

polyesters (BPE)

The main synthesis routes used to prepare branched polyesters

could be divided into two major categories,65 that are, single-

monomer methodology (SMM) and double-monomer metho-

doly (DMM). Polycondensation of ABn monomers, proton-

transfer polymerization (PTP), self-condensing ring-opening

polymerization (SCROP), and self-condensing vinyl polymeriz-

ation (SCVP) are some of the specific approaches of the first

synthetic technique, SMM.64 In contrast, DMM category

involves the direct polymerization of two monomers types in

order to generate branched polymers.64 As presented in

Scheme 1, branched polyester samples with either hydroxyl or

carboxyl end groups were synthesized in the bulk according to

Bimolecular Non-Linear Polymerization (BMNLP) approach. In

the esterification stage, predetermined amounts of the diacid

(SucA, AdiA or AzeA) and triol (BTO or HTO) were charged in

presence of TBT catalyst into an equipped reactor with a

mechanical stirrer. The mixture was heated in the 160–190 °C

temperature range and the reaction was proceeded for 4 h

under nitrogen atmosphere. In the second step of synthesis,

the polycondensation stage was conducted at 210–230 °C and

was kept proceeding for 3 h under high vacuum condition of

100 mbar. A molar ratio of diacid/triol of 4/1 or 1/3 was used to

prepare BPEs bearing carboxyl and hydroxyl end groups,

respectively.

The yields of the branched polyesters materials obtained

herein ranged between 80–85% for those bearing hydroxyl-end

groups while the yields were lower (60–67%) for carboxyl-

ended ones owing the lower solubility and loss of materials

during the purification step. Both kind of prepared BPEs

showed low molecular weights to be in 2730–4860 g mol−1

range (Table 1), regardless their terminal units’ type (COOH or

OH). These results were speculated owing to the unique macro-

molecular architectures of the resulting branched networks.

High dispersity indices in the 2.8–3.9 range were obtained for

both hydroxyl and carboxyl terminated branched polyesters.

These high PDI values presented in Table 1 are typical of

3
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branched structures.66,67 It is worth mentioning that these Mn

values determined by GPC in DMF give only estimations rather

than absolute values giving the lack of standard references for

such kind of polymers.

The chemical structure of all carboxyl and hydroxyl-termi-

nated branched polyester samples was characterized by FT-IR

spectroscopy, and the results are illustrated in Fig. 1. The

obtained data serves as supportive and complementary evi-

dence for the 1H and 13C NMR results (to be discussed later).

FTIR spectra of both branched polyesters series either with

terminal –COOH groups or –OH end groups-bearing polyesters

showed two absorption bands at 2940 and 2870 cm−1 assigned

to the aliphatic C–H symmetric and asymmetric stretching.

Another typical band near 1170 cm−1 is due to C–O–C stretch-

ing mode of the ester group. The main difference in FTIR

spectra of all branched polyesters lies in the fact that the

hydroxyl-terminated samples revealed a wide absorption band

centered at around 3370 cm−1. The latter is due to the stretch-

ing vibration of hydroxyl group (Fig. 1b). In contrast, for car-

boxyl-terminated BPEs samples, the aforementioned peak at

3370 cm−1 assigned to terminal (–OH) has disappeared and

replaced by a broadened detectable band between 3100 and

Scheme 1 Synthesis route of branched polyester-type oligomers.

Table 1 Molecular weights, dispersity indices, and yields of branched

polyesters with carboxyl and hydroxyl end-groups

Polymers samples Yield (%) Mn
a (g mol−1) PDIb

SucA/BTO (–COOH) 67 4250 3.1
SucA/HTO (–COOH) 64 4300 3.7
AdiA/BTO (–COOH) 65 4720 2.8
AdiA/HTO (–COOH) 60 3850 3.9
AzeA/BTO (–COOH) 66 4860 3.4
AzeA/HTO (–COOH) 61 3350 2.9
SucA/BTO (–OH) 83 2980 3.9
SucA/HTO (–OH) 85 3540 3.7
AdiA/BTO (–OH) 80 3070 3.3
AdiA/HTO (–OH) 80 3680 3.0
AzeA/BTO (–OH) 84 2730 2.9
AzeA/HTO (–OH) 82 3190 3.4

aDetermined by GPC analysis. bDetermined as Mw/Mn.

Fig. 1 FT-IR spectra of branched polyesters bearing: (a) terminal car-

boxyl, and (b) terminal hydroxyl groups.
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3350 cm−1, originating from the free carboxyl functional groups

(Fig. 1a). Comparison with the carboxyl-terminated branched

polyesters illustrates that the characteristic absorption bands ori-

ginated from ester carbonyl stretching (vCvO) in hydroxyl-termi-

nated BPEs were shifted to higher wavenumbers (from 1720 to

1727 cm−1). This is understandable owing to the formation of

strong hydrogen-bonding interactions between the carbonyl of

the ester moiety and the free terminal –COOH groups in car-

boxyl-terminated BPEs networks.68 This hence leads to a pro-

nounced downshift of 13–18 cm−1 in (vCvO) stretching fre-

quency. Importantly, for all COOH-terminated BPEs, in addition

to the characteristic ester carbonyl band at 1720 cm−1, an

additional band typical of the free carboxylic acid carbonyl

appeared at around 1733 cm−1. The presence of the latter, which

overlapped with the main ester bond (vCvO), prominently

proves the successful synthesis of BPEs materials with carboxyl

end groups. Similar finding was described in literature.69

In order to gain better insight into their fine chemical

structure, all the novel branched polyesters developed in the

present work were studied by 1D and 2D NMR spectroscopy.

The individual spin systems of the alcohols and acids could be

identified using COSY and multiplicity edited HSQC allows to

differentiate the alcohols’ CH, CH2 and free OH groups. The

connectivity between the carbon atoms and in particular

between the acid and ester carbonyl groups was ascertained

using HMBC. All the 1D and 2D spectra are given in the SI

(Fig. S1–S60†). The 1H and 13C NMR chemical shifts of attribu-

ted to all protons and carbons in the acid and hydroxyl-ended

branched polyesters samples are reported in Tables S1–4.†

In order to explain the assignment process, the spectrum of

AdiA/BTO (–COOH) was considered as example. Both the 1H

(Fig. 2 top) and 13C (Fig. 2 left) feature multiple signals for

most atoms due to the multiple isomeric forms present. There

are several signals in the carbonyl region, at 174.7, as well as

beween 173.2 and 172.5 ppm, the most deshielded of which

corresponds to the acid function, while the others are esters.

This is confirmed by the cross peaks between triol resonances

and the high-field signal in the HMBC (Fig. 2, green). On this

basis both α and α′ resonances can be assigned to the signals

at 2.3 and 2.2 ppm, respectively. The absence of remaining

unreacted diacid can be warranted on the basis of the integrals

for these two latter signals. The signals for at least the major

forms could be identified on the basis of the HSQC (Fig. 2, red

and blue), HMBC (Fig. 2, green) and COSY (Fig. S13†) cross-

peaks.

In the case of hydroxyl-ended polyesters, AzeA/HTO(–OH)

was taken as example for peaks assignments. The multiplicity

edited HSQC spectrum (Fig. 3) features 2 groups of both

methine and methylene signals. The HMBC spectrum

(Fig. S60†) shows that the methine signals in the range

4.7–5.0 ppm 1H/70–76 ppm 13C and the methylene signals in

the range between 3.8–4.2 ppm 1H/63–70 ppm 13C correlate

with 13C ester signals around 173 ppm, therewith establishing

that these methine and methylene signals correspond to ester-

ified species. On the other hand, the methine signals in the

range between 3.3–3.7 ppm 1H/65–73 ppm 13C and the methyl-

ene signals in the range between 3.2–3.5 ppm 1H/60–68 ppm
13C do not show any such correlations and therefore corres-

pond to non-esterified groups. This fact is corroborated by the

COSY cross-peaks these latter resonances show with the

hydroxyl signals at 4.3–4.5 ppm (see Fig. S58†). The hydroxy

Fig. 2 Superposition of HSQC (red and blue) and HMBC (green) spectra of AdiA/BTO(–COOH) (recorded in DMSO-d6) and assignments to 1H (top

trace) and 13C (bottom trace) (R = H or AdiA).
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signals are clearly identified as such by the absence of any

cross-peak at these positions in the HSQC spectrum (Fig. 3).

The estimation of the –COOH end groups was performed by

the integration of their respective peaks in the NMR spectra.

The results showed that AdiA/BTO and AdiA/HTO have respect-

ively a molar fraction of 0.56 and 0.68 of –COOH end groups of

the total diacid units. AzeA based BPEs showed a higher

amount of –COOH end groups as the molar fraction of COOH

end groups was around 0.9 for both AzeA/BTO and AzeA/HTO.

However, in the case of SucA-based BPEs, the estimation of

COOH end groups was not possible because of the strong over-

lapping signals between those corresponding to esterified

units and free end groups of this diacid.

Similarly, to COOH-terminated BEPs the estimation of the

–OH end groups in hydroxyl terminated BEPs was also per-

formed by the integration of the peaks of OH end groups in

the NMR spectra. The results showed that the molar fraction

of OH terminal groups ranged from 0.42 to 0.65. Indeed, the

values of the molar fraction were as following: 0.57 for SucA/

BTO, 0.62 for SucA/HTO, 0.65 AdiA/BTO, 0.42 for AdiA/HTO,

0.62 for AzeA/BTO and 0.56 for AzeA/HTO.

3.2. Thermal properties of polyesters

The thermal properties of the produced branched polyesters

were analysed by DSC and TGA to thoroughly investigate the

thermal properties and stability. The DSC analyses of the puri-

fied BPE samples with –COOH end groups showed that neither

crystallization nor melting endotherms can be detected during

the heating scans, hence confirming as expected the wholly

amorphous nature of the resulting materials. The recorded

data related to glass transition are collected in Table 2. It is

worth noting that regardless of the used diacid type, BTO-

based polyesters possess slightly higher glass transition temp-

eratures than their counterpart derived from HTO, wherein Tg
values of 19.7 vs. 18.5, −23 °C vs. −28.3 °C, and −37.1 vs.

−37.7 °C were found for the samples derived from SucA, AdiA,

and AzeA diacid, respectively. As expected, DSC results revealed

an obvious correspondence between the Tg value and the

chain length of the diacids incorporated into the synthesized

polyesters. For BTO-based BPE with terminal carboxyl groups,

Tg of polymers was dramatically shifted to a much higher

temperature from −37.1 °C to −23 °C, and then to 19.7 °C with

replacing AzeA with AdiA and SucA diacid, respectively. In fact,

we also noticed that the Tg of the polyesters derived from HTO

showed a very similar trend of those for BTO-based ones,

where polymer containing shorter-chain dicarboxylic acid

(AdiA or SucA) exhibited much higher Tg than that of the

counterpart prepared from longer-chain diacid (AzeA). In other

words, these findings reported herein mainly arise from the re-

placement of a highly flexible diacid moiety by a more rigid

diacid structure which, by reducing chain mobility, results in a

remarkable increase in Tg. To sum up, interestingly to high-

light that the effect of the diacid type with different chain

Fig. 3 HSQC NMR spectra of AzeA/HTO(–OH) (recorded in DMSO-d6) and assignments to 1H (top trace) and 13C (left trace) spectra (R = H or AzeA,

R’ = H or HTO).
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length on Tg increase was much more pronounced than that of

triol type used. As it can be seen from DSC trace of AzeA/HTO

(–COOH) branched polyester, an endothermic peak at tempera-

ture above the Tg (−21.4 °C) was clearly spotted. This behav-

iour may be ascribed to the physical aging phenomenon by

enthalpy relaxation owing to a non-equilibrium state (instabil-

ity) of the amorphous material in the glassy state.70 For the

sake of comparison with their linear polyesters analogues, the

three carboxyl-terminated branched polyesters made from BTO

showed significantly higher Tg values than their linear ana-

logues prepared from the same diacids but using 1,4-butane-

diol (BDO).71,72 Indeed, the linear polyesters combining SucA/

BDO, AdiA/BDO and AzeA/BDO exhibited Tg values of −36 °C,

−76 °C and −62 °C, respectively (vs. 19.7 °C, −23 °C, and

−37.1 °C for BTO-based BPEs, respectively). Moreover, the

linear polyesters were semicrystalline contrarily to the

branched ones prepared herein that were amorphous.

Similarly, branched carboxylic-terminated polyesters based on

HTO in combination with SucA or AdiA showed much higher

values with respect to their linear counterparts derived from

1,6-hexanediol (HDO).73,74 The Tg of the linear SucA/HDO and

AdiA/HDO based polyesters were −40 °C and −28.3 °C respect-

ively against 18.5 °C and −28.3 °C for BPEs based on SucA/

HTO and AdiA/HTO respectively.

The thermal degradation behaviour and stability of the

resulting carboxyl-terminal BPEs were assessed by TGA ana-

lysis under nitrogen atmosphere. The typical profiles are

shown in Fig. 4 and the 5%, 10% decomposition temperatures

as well as the residue at 500 °C are given in Table 2. It was

found that all the prepared fully biobased polyesters, except

AdiA/HTO (–COOH), revealed high thermal stability over

200 °C with onset decomposition temperatures (Td,5%) oscillat-

ing from 180.5 to 268.3 °C, leaving just 1.8–6.9% of residual

weight upon heating to 500 °C. Only a single stage thermal

degradation was observed for the two AdiA-based polymers,

while the other four polyesters samples degraded by multi-

stage process. It was found that polyester derived from HTO

was much more thermally stable than the BTO-based sample.

Indeed, polymers prepared from HTO showed a much higher

Td,5% value of 221.7 vs. 216.8 °C (for BTO-based sample), 268.3

vs. 180.5 °C, 229.1 vs. 203.6 °C, respectively for SucA, AdiA,

and AzeA-based polyesters. This finding is in good agreement

with the reported TGA results in Barrett study,75 where poly-

esters derived from HTO showed a much higher stability com-

pared with BTO-based samples. It seems that the presence of a

long-chain hexamethylene unit (HTO) into the branched poly-

ester backbone having –COOH functional end groups play the

main role in the important delay of the onset of degradation.

As shown above in Table 2, the HTO-based polyester prepared

from AdiA diacid exhibited much higher heat resistance than

its homologue obtained with shorter chain SucA diacid.

Hence, a notable difference in Td,5% values of 41 °C was

obtained for these two samples using HTO. It is worthy to note

that BTO-based polymers present a similar trend as HTO-

based samples, where polyester having the longest aliphatic

diacid (AzeA) revealed higher thermal stability than other poly-

esters with shorter spacer length of diacid, AdiA (Td,5% values

of 203.6 vs. 180.5 °C for AzeA/BTO (–COOH), and AdiA/BTO

(–COOH), respectively). This is most likely due to the presence

of a long-chain aliphatic diacid incorporated into the poly-

esters’ macromolecular chain, which obviously improved their

thermal stability by delaying the onset of degradation Td,5%.

This outcome is consistent with a previous study reporting

that the longer straight aliphatic diacid chain is, the more vul-

nerable to thermal degradation is.76 To sum up, the above

results highlighted that the superior thermal stability of the

six carboxyl-terminated BPEs, derived from fully renewable

resources, ensures their safe thermal processing at tempera-

ture much higher than their glass transition temperatures.

This characteristic makes them suitable candidates (as

polymer blend component or as co-units in copolyesters) for

heat processing applications such injection molding.

The six synthesized branched polyesters bearing hydroxyl

end groups were also analyzed by DSC to examine the effects

of the flexible chains length of used both diacids and triols on

their thermal behaviour characteristics. Table 2 gathers the

recorded glass transition temperatures for the produced poly-

Table 2 Thermal properties of prepared branched polyesters bearing

carboxyl and hydroxyl end-groups

Samples Td,5% Td,10% R500 °C (%) T*
g (°C)

SucA/BTO (–COOH) 216.8 249 6.9 19.7
SucA/HTO (–COOH) 227.3 252.2 6.0 18.5
AdiA/BTO (–COOH) 180.5 264.6 5.3 −23.0
AdiA/HTO (–COOH) 268.3 303 3.4 −28.3
AzeA/BTO (–COOH) 203.6 249.5 2.9 −37.1
AzeA/HTO (–COOH) 229.1 260.3 1.8 −37.7
SucA/BTO (–OH) 187.8 226.5 4.1 −18.9
SucA/HTO (–OH) 213.5 229.7 1.0 −53.2
AdiA/BTO (–OH) 168.3 203.0 4.3 −52.1
AdiA/HTO (–OH) 226.3 257.5 3.0 −56.7
AzeA/BTO (–OH) 193.1 221.0 2.5 −57.2
AzeA/HTO (–OH) 236.7 257.7 1.7 −57.9

Fig. 4 TGA thermograms of carboxyl-terminated branched polyesters.
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esters. It can be concluded from the latter that as expected all

resulting hydroxyl end groups-bearing BPEs polymers did not

show any crystallization or melting peaks demonstrating their

amorphous nature. The new fully renewable materials exhibi-

ted a very wide glass transition temperature (Tg) range oscillat-

ing from −57.9 to −18.9 °C. As expected from the structure of

BTO and HTO having different length alkane chains, we found

that for the same diacid, Tg values of polymers samples

derived from BTO are higher than those of the polyesters

made from HTO (exhibiting values of −18.9 vs. −53.2 °C, −52.1

vs. −56.7 °C, and −57.2 vs. −57.9 °C for SucA, AdiA, and AzeA-

based materials, respectively). Such outcome can be mainly

ascribed to the rigidity of the obtained polyester, where one

aliphatic triol moiety (HTO) is substituted by a stiffer triol

moiety (BTO). This endows less mobility to the chain, resulting

thereby to higher Tg value. Comparing the thermal properties

results of the sustainable BPEs with –OH and –COOH end

groups, a great difference could be readily spotted indepen-

dently from the used biobased triol (BTO or HTO).

Interestingly, much higher Tg were recorded for all synthesized

BPEs with terminal carboxyl groups compared to those of the

same samples bearing –OH end groups. SucA-based polyesters

have been used as relevant example for illustrative purposes.

Indeed, the Tg value of SucA/HTO sample dramatically

increased from −53.2 to 18.5 °C with changing the end groups

type from –OH to –COOH ones, respectively. We noticed that

SucA/BTO polyesters showed also the same discernible trend

as that in SucA/HTO sample, but the hydroxyl groups-termi-

nated polymer revealed a much lower Tg value compared to the

same branched polyester having carboxyl functions as terminal

units (−18.9 vs. 19.7 °C). As seen from DSC data, the other

AdiA and AzeA-based polyesters also show the same tendency.

Once the hydroxyl end groups were replaced by carboxyl term-

inal ones into the same polymer sample, a remarkable incre-

ment of their Tg is observed regardless the involved triol (BTO

or HTO). In fact, a huge difference in the Tg at least by 20 °C

was detected between BPE samples terminated with OH and

COOH functional end groups. This significant Tg increase in

carboxyl-terminated polymers could be explained by the for-

mation of hydrogen bonding between the free carboxyl end

groups of polyesters. This promotes much greater inter-

molecular cohesion than dipole–dipole interaction, thereby

obtaining higher Tg values in branched polyesters bearing

–COOH end groups. This finding is in good agreement with

what was reported in a previous work in literature.77 To recapi-

tulate, the aforementioned upshots proved that the Tg of all

twelve prepared branched polyesters strongly depends on the

nature of the end-groups (–OH or –COOH).

Thermal stability of the novel branched polyesters samples

bearing hydroxyl end groups were investigated by thermo-

gravimetric analysis as depicted in Fig. 5. All prepared poly-

mers exhibit a classical two-step weight loss. The pertinent

decomposition parameters including the degradation tempera-

tures at 5% and 10% weight loss as well as the residue at

500 °C are listed in Table 2. A significant difference in thermal

stability was observed among them across the whole tempera-

ture range. Like branched polymers bearing carboxyl end-

groups, it was found that hydroxyl-terminated polyesters

derived from HTO were also much more thermally stable than

the BTO-based samples. These HTO-based polymers, charac-

terized by good resistance to heat, exhibited onset degradation

temperature (Td,5%) values ranging between 213.5 and 236.7 °C

(vs. much lower Td,5% values appearing in the 168.3–193.1 °C

range for the BTO-based samples). In more detail, a difference

in Td,5% of about 25 °C, 58 °C, and 43 °C is obtained between

HTO and BTO-based polymer for SucA, AdiA, and AzeA-based

polyesters, respectively. The six renewable resources-based

materials developed displayed low residual weight percentage

at 500 °C, leaving a 1% and 4.3% of degradation residues. To

recapitulate, it is worthy to highlight that one of the most out-

standing features of these new branched polyesters bearing

OH end groups is their very wide temperature window of pro-

cessing up to 294 °C above their Tg. This feature opens the

door for their exploitation as new class of thermally stable bio-

based materials with unique macromolecular architectures in

a wide range of potential applications such as injection

molding and extrusion.

4. Conclusion

In this study, biobased aliphatic polyols bearing three hydroxyl

groups (triols) as well as dicarboxylic acids that can be derived

from renewable feedstock particularly hemicellulosic sugars

were used to prepare branched polyesters through melt poly-

condensation method. A systematic combination of various

building blocks having different structures allowed the syn-

thesis of polymers with different structural features enabling,

for the first time to our knowledge, the establishment of the

structure/property relationship for such fully biobased poly-

esters. The understanding of these links particularly in term of

thermal properties that are fundamental to determine their

Fig. 5 TGA thermograms of hydroxyl-terminated branched polyesters.
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processability and application domains was established. The

study reveals furthermore the importance of the use of sugar-

derived intermediate as promising precursors for the synthesis

of high-performance eco-friendly materials in various struc-

ture. This methodical study can be used as the basis for the

selection of suitable building blocks and their combination to

access fully biobased branched polyester with giving properties

for targeted applications. Undoubtedly the potential of the syn-

thesized final materials for various uses is undeniable but the

extension to other similar building blocks as well as the

various combination through co-polymerization, chain exten-

sion and/or crosslinking, etc. can be pursued paving thus the

way to wide range of functional polyesters with broad appli-

cation domains.
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