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This work details the first example of enhancement of crystallization rate of poly (L-lactic acid) (PLLA) by
introducing optically pure short chain branches. A biobased PLLA copolymer was prepared by initial radical
functionalization of commercial PLLA with itaconic anhydride (IAH) in a Brabender mixer, then by reaction with
a tailor-made hydroxyl-terminated, optically pure PLLA with molar mass Mn = 4 kDa, the latter prepared via ring
opening polymerization. Gel permeation chromatography and infrared spectroscopy proved the efficiency of
grafting reaction, with the amount of grafted IAH quantified via UV–Vis. The synthesized graft copolymer dis
plays faster crystallization rate with respect not only to the commercial grade, but also to a binary blend with the
same nominal composition. The role played by the short branches in favoring both crystal nucleation and growth
was discussed in terms of molecular nucleation. The results detailed in this manuscript demonstrate that syn
thesis of a graft copolymer with optically pure short branches is an efficient way to improve the poor crystal
lization kinetics of PLLA, which is one of the major drawbacks of this polymer.

1. Introduction
Poly (L-lactic acid) (PLLA) is the most extensively studied and used
biodegradable and renewable thermoplastic polyester, due to its po
tential to replace oil-based polymers [1,2]. PLLA is produced by
ring-opening polymerization of lactide, the cyclic dimer of lactic acid
(LA) [3–5]. The latter, 2-hydroxypropanoic acid, CH3–CH(OH)–COOH,
was discovered in sour milk in 1780 [4]. LA has an asymmetric carbon
atom, hence two optically active forms called L-lactic acid (L-LA) and
D-lactic acid (D-LA). Commercial PLLA grades are produced from a
mixture of both isomers, most commonly containing 96–98% of L-iso
mer. The presence of both L-LA and D-LA segments in the polymer chain
makes PLLA a random copolymer, hence its properties are largely
affected by the co-unit content [6–8].
LA can be produced either from petrochemical resources or from
annually renewable feedstocks. The first process involves hydrolysis of
lactonitrile, a byproduct of acrylonitrile production, and results in a
racemic L-LA/D-LA mixture, which is a severe weakness [9]. The second
process relies on microbial fermentation and can generate almost

optically pure L-LA or D-LA [4]. This process has a number of additional
advantages, namely the use of renewable carbohydrate biomass as
feedstock, and low energy consumption due to low temperature pro
cessing. For these reasons, almost all lactic acid produced globally de
rives from microbial fermentation technology.
Despite the several favorable properties, PLLA has a few drawbacks
that have limited so far a wider commercial exploitation. The slow
crystallization kinetics is probably the major weak point of PLLA, as it
hampers the attainment of degrees of crystallinity suitable for me
chanical, thermal and transport properties, among others, required in
several commercial products [1,2]. It also affects foaming, with PLLA
foams being of large industrial interest for biological and medical ap
plications (e.g., tissue engineering and medical implant materials)
[10–13]. As typical for random copolymers, chain composition largely
affects crystallization kinetics of PLLA, which becomes increasingly
slower with the decrease of stereoregularity of the polymer chain [7,
14–16]. However, the high cost of purification of the monomer limits
production of highly stereoregular PLLA [4,5], i.e. of a faster crystal
lizing polymer.
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Huge research efforts have been devoted in the latest two decades to
improve crystallization kinetics of PLLA. Major successful routes include
variation of formulation, eg. by the addition of nucleating agents and/or
plasticizers, and a tailored chain structure, which may involve branched
or multi-arm architectures that also largely affects processing and
foaming behavior.
Several literature reports indicate that long-chain branching (LCB)
has a significant effect on polymer crystallization, and that a small
amount of LCB can increase the number of nucleus sites, resulting in a
higher rate of crystallization [17–20]. In the case of PLLA, both an
enhancement and a diminution of crystallization rate have been
observed, determined by the degree of branching and the branch length
[20–27]. The branching points, which can be regarded as a point of
intersegmental connection, as well as chain directional change at
branching points, are also expected to disturb the segmental mobility for
the nuclei formation and/or the growth of crystallites [26], and there is
a critical degree of LCB below which crystallization rate of PLLA can be
enhanced [25].
Blending with oligomeric PLLA can lead to a faster crystallization
rate, as it results in an enhanced chain mobility due to a decrease of the
glass transition temperature (Tg) [28,29]. Tailored blending of a poorly
stereoregular, high molar mass polymer with a low molar mass one
produced from pure L-LA, can exploit both favorable effects of blending
with low molar mass component, and its faster crystallization rate. In
fact, a marked improvement of crystallization rate was demonstrated by
blending a typical commercial PLLA, with high molar mass (120 kDa)
and containing 4% of D-isomer, with a PLLA grade of high stereoregu
larity, made of pure L-isomer, and a much lower molar mass of 4 kDa
[30]. Both crystal growth rates and nucleation kinetics were sizably
improved. The faster nucleation rate was ascribed to the easier crystal
lization of the regular oligomers, which start to crystallize at higher
temperature than the commercial grade, and act as nuclei for the sub
sequent crystal growth that involves both blend components [30].
As mentioned above, chain branching can also have positive effects
on crystallization rate, but, to our knowledge, the effects of branching on
crystallization rate of PLLA has been investigated only for polymers
where the branches and the main chain have the same L-LA/D-LA ratio. It
may be possible that branches made of optically pure L-LA can enhance
crystallization rate of a poorly stereoregular grade with high molar
mass, similarly as found for the blends.
In order to compare the effect of a varied chain structure with the
effect of blending, a branched PLLA was prepared using the same PLLA
commercial grade of Ref. [30] as main chain, i.e. a high molar mass
polymer containing 4% D-isomer, with side branches made of pure L-LA
of the same molar mass of the diluent used in Ref. [30]. The graft
copolymer was prepared by initial functionalization of PLLA with ita
conic anhydride (IAH), followed by reaction of grafted anhydride groups
with a tailor-made hydroxyl-terminated, optically pure PLLA, with
molar mass Mn = 4 kDa (PLLA4k). Itaconic anhydride was preferred to
the most commonly used maleic anhydride (MAH) [31–33], not only
– C double bond located out of the anhydride ring makes
because the C–
IAH more reactive than MAH towards radical grafting, but also because
IAH can be derived from renewable resources, hence the resulting graft
copolymer remains fully bio-based [34,35].
Details of polymer synthesis and characterization are presented
below, together with analysis of crystallization kinetics. Crystal growth
and overall crystallization rates are compared to the neat polymer, as
well as to a blend made of commercial PLLA containing 4 wt% of Disomer, and optically pure PLLA with molar mass Mn = 4 kDa, where the
blend has the same nominal composition of the graft copolymer. The
aim is to define the effects of chain architecture, apart from the influence
of the same pendant groups on crystallization kinetics of PLLA.

2. Experimental part
2.1. Materials
A commercial PLLA grade (c-PLLA) with L-isomer content of 96% and
melt-flow index of 6 g/10 min (210 ◦ C/2.16 kg), grade name PLA Lx175
[36] was kindly provided by Total Corbion (The Netherlands). Before
processing, the polymer was dried in a vacuum oven overnight at a
temperature of 60 ◦ C to remove excess of moisture and avoid degrada
tion. Pure L-lactide (LLA), also kindly provided by Total Corbion (The
Netherlands), was dried, prior to use, under high vacuum in presence of
P2O5 for 20 h. Chloroform, dichloromethane, ethanol, acetone, diethyl
ether, and 1,2-dichlorobenzene were purchased from Romil as HPLC
grade. Itaconic anhydride (IAH), Luperox 101 (L101), tin (II) 2-ethylexa
noate (Sn(Oct)2), sodium hydride (NaH) and Disperse Red 1 (DR1) were
purchased from Sigma Aldrich and used without further purifications.
1-decanol (Sigma Aldrich) was dried for 20 h over molecular sieves 3 Å
before use.
2.2. Synthesis of PLLA-g-PLLA4k copolymer
2.2.1. Synthesis of hydroxyl-terminated PLLA with molar mass 4 kDa
Hydroxyl-terminated PLLA with molar mass 4 kDa (PLLA4k) was
synthesized by ring-opening polymerization using L-lactide as monomer,
Sn(Oct)2 as catalyst and 1-decanol as initiator. Based on literature data
[3–5], the monomer to initiator ratio was set at 27.75, with the aim to
obtain a value of Mn around 4 kDa.
In a round bottom flask, 10.09 g (0.07 mol) of LLA were charged.
After monomer melting, the initiator (0.4 g, 0.0025 mol) and then the
catalyst (760 μL) were added and the reaction was carried out for 24 h at
120 ◦ C under argon atmosphere. The product was solubilized in 15 mL of
chloroform and precipitated in a large excess of ice cold diethyl ether.
The final polymer was filtered and dried under vacuum overnight.
(yield = 88%).
1
H NMR: 0.88 ppm (-CH3decanol, t, 3H),1.27 ppm (-CH2 decanol, m,
14H),1.58 ppm (-CH3 PLLA, d, 168H), 4.35 ppm (-CH-OHPLLA term, q, 1H),
5.17 ppm (-CHPLLA, q, 56H). Mn evaluated by NMR = 4.104 kDa.
2.2.2. Functionalization of PLLA with itaconic anhydride by radical
grafting
In order to prepare copolymers with controlled grafting degree, cPLLA was functionalized with IAH [33,35]. Reaction was performed
using a Brabender-like apparatus Rheocord EC of Haake Inc. (Vreden,
Germany), using 98.7 wt% of c-PLLA, 0.8 wt% of IAH, and 0.5 wt% of
peroxide L101.
The reaction was carried out at 190 ◦ C and 30 rpm mixing rate. cPLLA was loaded and melted for 2 min, then IAH was loaded into the
chamber and the mixture was homogenized for 1 min. Lastly, the initi
ator L101 was added and the reaction was carried out during mixing for
the next 6 min. The reaction product was purified by dissolving in 1,2dichlorobenzene (concentration 10 wt %) at 180 ◦ C using a reflux
condenser, precipitated in a large excess of ethanol and then washed in
ethanol for three times to remove unreacted c-PLLA. The supernatant
containing unreacted monomer (IAH) was removed by filtration and the
final product was dried overnight at 60 ◦ C under vacuum.
The dried product was washed in acetone at room temperature for
48 h to selectively remove low molar mass degradation products and
residues of unreacted IAH. The solvent was removed after sedimentation
and the purified product (PLLA-IAH) was dried under vacuum and used
for further characterization and branching reaction.
2.2.3. Coupling reaction of PLLA4k with PLLA-IAH
PLLA-IAH (1.00 g, corresponding to 4.90 ⋅ 10− 5 mol of IAH) was
dissolved with dry dichloromethane (25 mL) in a round bottom flask at
60 ◦ C under argon atmosphere. A solution of PLLA4k (0.27 g, 5.13 ⋅ 10− 5
mol) in 15 mL of dichloromethane containing 0.0012 g (5.13 ⋅ 10− 5 mol)
2
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of NaH (corresponding to a molar ratio PLLA4k/NaH = 1/1) was pre
pared separately, and maintained under continuous stirring at room
temperature until hydrogen bubbling stopped (around 20 min). The two
solutions were then merged and stirred under argon stream at 60 ◦ C
overnight. The mass ratio between PLLA-IAH and PLLA4k corresponds to
80/20 w/w. The final solution containing the crude product was first
centrifuged to remove insoluble impurities, then concentrated by rota
vapor and finally poured in cold hexane to precipitate the product (yield
= 90%).
To estimate the mass of unreacted PLLA4k, and to remove any other
side reaction product involving degradation of polymers, the final
product was dissolved in chloroform and dialyzed in a dialysis mem
brane (cut-off 12 kDa) against chloroform for 48 h to ensure a complete
extraction. Then the dialysis membrane was removed and the washing
chloroform containing unreacted PLLA4k and any side reaction product
was evaporated by rotavapor. The amount of the recovered residue was
weighed and found less than 1% wt of total initial mass, indicating the
high efficiency of the reaction and absence of side and degradation
reactions.

2.5. Fourier Transform Infrared Spectroscopy
Functional groups characteristics of PLLA-IAH were observed via
Fourier Transform Infrared Spectroscopy (FTIR), using a PerkinElmer
FTIR Spectrometer Model Spectrum 100, in reflection mode. The in
strument is equipped with a PerkinElmer Universal Attenuated Total
Reflectance (ATR) sampling accessory with a diamond crystal. Each
spectrum was determined as average of 16 individual scans, each one
recorded at a resolution of 4 cm− 1. Chloroform was used as solvent to
prepare cast films for FTIR-ATR analyses.
2.6. UV–vis spectroscopy
The effective amount of IAH grafted on PLLA chains was quantified
via UV–Vis analysis. UV–Vis absorption spectra were recorded in the
200–800 nm range, at a 0.5 nm/s scan rate, using a Jasco UV–Vis
spectrophotometer Mod. V570. DR1was used as chromophore.
The chromophore solution was prepared by dissolving 0.07 g of DR1
in chloroform, then stoichiometric amount of NaH was added to
deprotonate DR1. Once bubbling of hydrogen stopped, this solution was
mixed with 1 g of PLLA-IAH in 25 ml of chloroform and the reaction was
carried out for three days. The product, named PLLA-IAH-DR1, was
precipitated and washed several times in cold diethyl ether until the
UV–vis spectrum of the washing solution showed no more presence of
dye, then vacuum dried for 24 h at room temperature. Absorbance was
measured for a solution with a concentration of 6 * 10− 5 M (20 mg/mL)
of PLLA-IAH-DR1, and compared with a solution at the same concen
tration of DR1 in chloroform. The amount of IAH grafted onto the
polymer backbone was determined by means of Lambert-Beer equation:

2.3. NMR analysis
1
H and 13C NMR spectra were recorded on a 600-MHz Bruker
AVANCE-III Spectrometer (Bruker BioSpin GmbH, Rheinstetten, Ger
many). Sample concentrations were about 0.7% (w/v) in CDCl3.

2.4. Gel permeation chromatography
Gel permeation chromatography (GPC) analysis was performed with
a GPC Max Viscotek equipped with a Malvern TDA with refractive index
(RI), right angle laser light scattering (RALS), low angle laser light
scattering (LALS) and intrinsic viscosity (IV) detectors. Samples were
dissolved and eluted in CHCl3 (Romil) at flux of 0.8 ml min− 1, with
injection volume of 100 μl, concentration of 5 mg ml− 1and analyzed
through a column set composed by a precolumn and two columns
Phenogel Phenomenex, with exclusion limits 106 and 103 Da.
All samples were evaluated with triple point calibration (polystyrene
standard Mn = 101.252 kDa and Mw = 104.959 kDa).
GPC OmniSEC software allows to evaluate the weight average
number of branches per macromolecule (Bn) of a polydisperse sample
and the branching frequency (λ) considering c-PLLA as linear reference.
Bn is calculated starting from Eq. (1)
′

g =

[η ]b
[η ]l

A= ε b c

where A is absorbance at 475 nm, ε is the molar absorption coefficient of
DR1, b is the molar path that amounts to 1 cm in the specific configu
ration used, and c is the molar concentration of the solution. Molar
absorption coefficient of DR1 was determined by measuring the absor
bance of solutions at different concentration, attained by progressive
dilution of a DR1/CHCl3 solution with initial molar concentration of
5∙10− 4 M (0.16 mg/ml). Interpolating the absorbance values corre
sponding to the maximum of the absorption peak of DR1 at 475 nm, a
molar absorption coefficient of DR1 in chloroform was calculated as ε =
8.03 L mol− 1cm− 1.
2.7. Preparation of PLLA-IAH/PLLA4k blends

(1)

Binary blends with the same nominal composition of the branched
polymer were prepared by solution casting using chloroform (0.04 g/
mL), to attain films with a thickness of about 200 μm. Once the solvent
was evaporated, the samples were further dried under vacuum for 24 h.

where g’ is the intrinsic viscosity contraction factor and [η]b and [η]l are
the intrinsic viscosities of branched and linear samples, respectively.
The parameter g’ is correlated to the radius of gyration contraction
factor (g) by the following equation (Eq. (2))

2.8. Thermal analysis

(2)

′

g = gε

Thermal properties of the samples were investigated using a Perki
nElmer Pyris Diamond DSC, equipped with an Intracooler II as cooling
system. Temperature and energy calibration was performed with a high
purity indium standard.
To analyze isothermal crystallization kinetics, the samples were
melted at 200 ◦ C for 2 min, then cooled to the desired crystallization
temperature (Tc) at 30 K min− 1. The same melting conditions were used
to investigate non-isothermal crystallization analysis: the various for
mulations were melted at 200 ◦ C for 2 min, then cooled at 30 K min− 1 to
160 ◦ C, followed by cooling at 4 K min− 1 to room temperature. Glass
transition was analyzed after melting at 200 ◦ C for 2 min, followed by
fast cooling at the programmed rate of 100 K min− 1 to 0 ◦ C, then heating
at 20 K min− 1.
Dry nitrogen was fluxed as purge gas at a rate of 30 mL min− 1. A fresh

where ε is the shape factor, which is taken to be 0.75 [37].
The relation between the number of branches per molecule Bn and
the contraction factor is described by the following Zimm–Stockmayer
equation (Eq. (3)) [37].
g=

1
}
{ (
)1 [
1]
6 1 2 + Bn 2
(2 + Bn)2 + Bn2
− 1
ln
1
1
Bn 2
Bn
(2 + Bn)2 − Bn2

(3)

The branching frequency (λ) is calculated as follows (Eq. (4)):
λ = 100R

Bn
Mw

(5)

(4)

where R is the molecular weight of the repeating unit (72 Da) and Mw is
the molecular weight of the polymer.
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specimen was used for each analysis. All the experiments were repeated
three times to ensure reproducibility.

covalently bonded as side branches by nucleophilic attack of the ter
minal hydroxyl of PLLA4k, previously activated with sodium hydride
[38], to the β-carbonyl of anhydride, which has less steric hindrance.
The synthetic route is illustrated in Fig. 1.
In the first step, the radical grafting of IAH was performed in a
Brabender-like apparatus, operating in mild conditions with low per
centages of reactants, in order to limit side reactions and degradation.
This was followed by multistep purification, as detailed above, to
eliminate all by-products and, in particular, low molar mass PLLA chains
[34,35]. Confirmation of successful grafting was obtained by FTIR and
GPC, and degree of modification was quantified by UV–Vis as discussed
below.
PLLA with molecular weight around 4 kDa was synthesized by
classical ROP polymerization of LLA, using 1-decanol as initiator. The
molecular weight was controlled by the –OH/LLA molar ratio in the feed
and calculated by the ratio between the intensities of the resonance
associated with -CH–OH proton of PLLA terminal at 4.35 ppm and the
resonance of –CH proton of the repeating unit at 5.17 ppm in the NMR
spectrum.
The second step concerns the binding of PLLA4k to the carbonyl
group of IAH. Due to the purpose of the present work to make a com
parison between the effect on crystallization kinetics of chain branching
with respect to blending of a low amount of higher stereoregular PLLA
[30], the desired amount of PLLA4k branches should not be higher than
20 wt%. Therefore, a PLLA-IAH with low amount of IAH, corresponding
to 0.5 wt%, was chosen to obtain the desired branching degree.
Before the second step of synthesis, the amount of IAH grafted on
PLLA chains was quantified. To prove the presence of grafted IAH on
PLLA chains, PLLA-IAH was analyzed via FTIR-ATR. Unfortunately,
most of IAH absorption bands overlap with PLLA ones. Absorption band
– O stretching vibrations of cyclic anhydrides
at 1750 cm− 1 related to C–
– O stretching vibration of PLLA and this,
is fully hidden under the C–

2.9. Optical microscopy
A Zeiss Axioskop polarized-light optical microscopy (POM) and a
Linkam THMS 600 hot stage were used to measure spherulite growth
rates. A thin film of each sample (thickness less than 10 μm) was ob
tained by squeezing between two circular Linkam cover slips on a hot
stage and manually pressing. For the analysis of crystallization kinetics,
the samples were melted at 200 ◦ C for 2 min, then cooled at 30 K min− 1
to Tc. Nitrogen gas was fluxed in the Linkam hot stage to limit
degradation.
A Scion Corporation CFW-1312C Digital Camera coupled with
Image-Pro Plus 7.0 software (Media Cybernetics) was used to capture
images at a pre-defined sampling rate. Spherulite radii were plotted as a
function of time to obtain spherulite growth rates by linear fitting.
3. Results and discussion
3.1. Synthesis and characterization of PLLA-g-PLLA4k copolymer
Functionalized PLLA can be prepared following two main strategies:
ring opening polymerization (ROP) of selectively modified lactides, or
post-polymerization modification [3–5]. The latter consists in prepara
tion of new materials through modification of pre-synthetized polymer
precursors, and is preferred as it allows to characterize the initial
polymer before functionalization and to tune the degree of modification.
In this work, a graft PLLA copolymer of predefined structure and
composition was synthetized in two steps: in the first step a functional
group (IAH) was introduced along the main chain of c-PLLA through
radical grafting, and in the second step a pre-synthetized PLLA4k was

Fig. 1. Synthetic route to PLLA-g-PLLA4k.
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together with low concentration of IAH, hampers the use of this band to
prove the presence of grafted anhydride.
In order to overcome these problems, it was attempted to normalize
both c-PLLA and PLLA-IAH spectra to the band at 1167 cm− 1 related to
the C–C vibrations between CH3 and tertiary carbon of PLLA backbone.
As reported in Ref. [35], where non-reacted PLLA is compared to PLLA
containing 5 and 10 wt% IAH, this normalization should allow to detect
– O stretching band from neat c-PLLA to
an increase in the intensity of C–
PLLA-IAH. Unfortunately, this variation could not be appreciated in our
samples, where concentration of IAH is only 0.5 wt%, too low to show a
perceptible difference between the two spectra in analysis, as demon
strated in the insert of Fig. 2.
Focusing on the wavenumber range of 2800–3100 cm− 1, FTIR
spectrum of PLLA-IAH shows two absorption bands at 2854 and 2925
cm− 1 which, according to Ref. [35], can be assigned to CH2– functional
groups of the grafted anhydride. Even if these bands are not present in
the spectrum of pristine c-PLLA, they cannot uniquely prove the effec
tiveness of grafting reaction, which could be related also to CH2– ter
minal groups generated by a chain scission reaction. However, mild
polymerization conditions and a low [L101] have been selected to reduce
the chance of side reactions, then purification of PLLA-IAH in acetone
for 48 h selectively extracts low molar mass chains, therefore most of
any chain scission products are removed in this step. These consider
ations support the effectiveness of grafting reaction.
Fig. 3a shows the 1H NMR spectra of PLLA-IAH and PLLA-g-PLLA4k.
In both spectra, besides the peaks associated to the main polymer chain
[39], the small signal at 2.5 ppm (denoted as “a” in the Figure), absent in
PLLA spectrum (not shown), is related to grafted IAH, as it can be
attributed to the -CH2- of the anhydride ring, generally located in the
region 2–3 ppm [33]. Furthermore, the absence of the resonance char
– CH2 protons of free anhydride in the range 4.5–5.5 ppm
acteristic of –C–
supports the occurrence of chemical grafting of IAH on PLLA chains. In
PLLA-g-PLLA4k spectrum, three new peaks attributed to grafted PLLA4k
are observed at 3.75, 1.27 and 0.88 ppm. The resonance at 3.75 ppm can
be assigned to the –CH- proton of the terminal unit of PLLA4k conjugated
to IAH (denoted as “b” in the Figure) and is specific to the occurrence of
a chemical link between IAH and PLLA4k. The peaks at 1.27 and 0.88
ppm are respectively attributed to –CH2- and –CH3 protons deriving
from 1-decanol used as ROP initiator of PLLA4k. 13C NMR analysis of
PLLA-g-PLLA4k confirms the occurrence of grafting and coupling re
– O,
actions. The spectrum (Fig. 3b) shows, besides main chain signals (C–
169.61 ppm; CH, 69.02 ppm; CH3, 16.65 ppm), the peaks relative to
carbonyls (e’, 169.36 and e, 169.15 ppm) and CH–CH2 (d’, 66.72, and d,
65.72 ppm) of anhydride, and to aliphatic carbons from 1-decanol in
PLLA4k (35-20 ppm range).
All these evidences, together with the absorption bands reported in

FTIR spectrum, corroborate the efficiency of grafting and coupling
reactions.
Due to the low intensities of IAH signals, NMR could be not accurate
for a reliable quantitative evaluation. Liu et al. [40] suggested an
alternative method for quantification of grafted anhydride by means of
UV–Vis spectroscopy. Thus, in order to determine the functionalization
degree, the product was analyzed with UV–Vis spectroscopy, after
conjugation of PLLA-IAH with DR1 chromophore. DR1 was chosen for
the high solubility and for the presence of a reactive –OH located far
from the amino-4-nitroazobenzene chromophoric unit. This feature
leads to only negligible variation in terms of λmax after reaction with
PLLA4k. The reaction scheme is presented in Fig. 4. The reaction was
carried out with an excess of chromophore in order to saturate all an
hydride groups with DR1. The synthesis pattern is analogous to the one
previously described. DR1 was coupled to the carbonyl of anhydride via
nucleophilic addition, after activation of the –OH group of DR1 with
sodium hydride:
The reaction product was washed several times with diethyl ether,
until the UV–Vis spectrum of the washing solution was found free of dye.
This purification ensures the separation of unconjugated DR1, thus is
possible to assume that the amount of DR1 determined via UV–Vis is
conjugated to PLLA-IAH.
UV–Vis absorption spectra of DR1 and PLLA-IAH-DR1 are compared
in Fig. 5. Both spectra show the typical absorption band of DR1 in
chloroform at wavelength 475 mm, due to interaction between azo
– N–) and the attached aromatic moieties [41]. This
functionality (–N–
absorption peak is present both in DR1 and in the PLLA-IAH-DR1
spectra, providing evidence of the effectiveness of grafting reaction.
More importantly, it allows to quantify the amount of IAH grafted onto
the polymer backbone. The grafting degree of IAH on c-PLLA backbone
results to be 0.5 wt%.
Further information on the efficiency of grafting reaction comes from
analysis of GPC data, presented in Table 1, which compares weightaverage molar mass (Mw), number-average molar mass (Mn), molar
mass at peak of the distribution curve (Mp) and intrinsic viscosity (IV) of
c-PLLA, PLLA-IAH, PLLA4k and PLLA-g-PLLA4k. Table 1 shows a sizable
decrease of Mn upon addition of IAH to c-PLLA, which suggests some
degree of chain degradation occurring upon functionalization reaction
concerning mostly low molecular weight fraction of polymer. This
behavior is confirmed by a decrease in Mw and by an increase of Mp.
Despite PLLA-g-PLLA4k shows higher values of Mw and Mp than cPLLA, it has a lower IV suggesting the presence of branching [42]: the
volume occupied by a branched structure is lower than that occupied by
a linear structure, which results in a lower IV for the branched polymer.
GPC data were used to derive Mark-Houwink plots, which relate molar
mass to IV [43], as presented in Fig. 6. Mark-Houwink equation de
scribes a power law relation between molecular weight and intrinsic
viscosity, which is linear in the case of linear polymers. Branched
polymers display deviation from linearity related to branching [42],
with the deviation increasing with the branching number.
As seen in Fig. 6, the commercial grade (c-PLLA, green curve) shows
the highest IV, due to the looser conformation in the eluent of the linear
polymer (higher hydrodynamic volume) with respect to the modified
polymers; grafting with itaconic anhydride (PLLA-IAH, black curve)
leads to a slightly lower IV in the high Mw range, attributable to some
branching arising from radical recombination mechanisms, according to
ref. 35. Intrinsic viscosity further decreases upon reaction with PLLA4k
(PLLA-g-PLLA4k, red curve). Not only PLLA-g-PLLA4k shows the lowest
IV, but it also displays a more curved downward profile in the high
molecular weight range, which is characteristic of branched polymers
[42].
Branching leads to an increase in the molecular density of the
polymer, which is reversely proportional to IV, and the radical grafting is
more probable to occur for higher molecular weights. So, increasing the
molecular weight, the chance of branching points increases and the
differences between linear and branched polymer are more evident.

Fig. 2. FTIR spectra of IAH, c-PLLA and PLLA-IAH.
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Fig. 3a. 1H NMR spectra of PLLA-IAH (black) and PLLA-g-PLLA4k (red). (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Thus in the high Mw range, the Mark-Houwink line of PLLA-g-PLLA4k
curves downward because the sample has a lower hydrodynamic volume
due to a more compact conformation in the solvent [42] proving a
higher efficiency of grafting reaction in this Mw range. Furthermore,
through GPC software it was possible to evaluate the average number of
branches per macromolecule (Bn) and the branching frequency (λ) as
11.05 and 0.416, respectively, which correspond to an average value of
one branch every 240 repeating units.

typical of PLLA [1], coupled to a small enthalpy relaxation endotherm
due to the different heating and cooling rates used [44]. Blending
PLLA-IAH with OH-terminated PLLA oligomer made of pure L-isomer
units (sample coded as “blend”) results in a marked decrease of Tg, down
to about 55 ◦ C, with a similar decrease in Tg observed also in the
PLLA-g-PLLA4k graft copolymer (sample coded as “graft”). The measured
diminution of Tg in the blend is in line with literature data of PLLA
blends with comparable composition, when a high molar mass PLLA is
blended with low molar mass grades [29,30], with the latter often added
to PLLA formulation as plasticizers [28,45–49]. Similar decreases of Tg
have been reported also for branched polymers, compared to linear
chains of similar molar mass, and arise from the higher free volume due
to the increased number of chain ends in the branched architecture
[50–52].
Above Tg, PLLA-IAH displays a broad cold crystallization exotherm,
centered around 130 ◦ C, followed by a melting peak at 153 ◦ C. The cold
crystallization exotherms of the blended and grafted formulations are
markedly anticipated, compared to the linear grade, being centered
around 110–112 ◦ C. This is followed by a double melting peak at
150–160 ◦ C, typical of PLLA containing both α′ - and α-crystals, or
α′ -crystals that transform to α-modification upon heating [1,7,8]. The
double endotherm is not seen in PLLA-IAH plot, due to the high crys
tallization temperature that leads to growth of α-crystals [1,7,8]. The
initial, qualitative indication of the faster crystallization kinetics of the
samples containing short stereoregular sequences is confirmed by the
DSC plots measured upon cooling at 4 K min− 1, presented in Fig. 8. The
blended and grafted formulations display only minor differences in the
experimental data, with a sharp crystallization exotherm appearing on
cooling. Conversely, the linear polymer shows a broad and weak

3.1.1. Thermal properties and crystallization kinetics of PLLA-g-PLLA4k
copolymer
From the data reported and discussed above we can reasonably as
sume that the synthesized PLLA-g-PLLA4k sample presents a random
distribution of branches made of optically pure PLLA segments, grafted
onto a PLLA backbone with lower optical purity. The thermal properties
and the crystallization behavior of the synthesized sample were
compared to PLLA-IAH, as reference, and to a blend containing the same
mass composition of the graft copolymer, i.e., made of 80 wt% of PLLAIAH and 20 wt% of PLLA4k. The latter comparison was performed as an
effort to investigate the influence of branched chain architecture on
crystallization kinetics. As detailed in Ref. [30], blending c-PLLA with a
highly stereoregular PLLA oligomer results in a sizable increase of both
nucleation and crystal growth rates. Therefore, any measured variation
in crystallization kinetics of the branched polymer may in principle be
ascribed the presence of short stereoregular chains, which favor crys
tallization even if not covalently bonded to the main PLLA chain.
Fig. 7 presents the thermal analysis of these PLLA-based formula
tions. Data were measured upon heating at 20 K min− 1, after cooling at
100 K min− 1. PLLA-IAH displays a glass transition (Tg) centered at 61 ◦ C,
6
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Fig. 3b.

13

C NMR spectrum of PLLA-g-PLLA4k.

Fig. 4. Synthetic pathway to PLLA-IAH-DR1.
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Fig. 5. UV–Vis spectra of PLLA-IAH-DR1 and DR1.
Fig. 7. Heat flow rate plots of PLLA-based formulations, upon heating at 20
K min− 1.

Table 1
Molar mass distribution and intrinsic viscosity of commercial and synthesized
samples.
Sample

Mw (kDa)

Mn (kDa)

Mp (kDa)

IV (dL/g)

c-PLLA
PLLA-IAH
PLLA4k
PLLA-g-PLLA4k

104
122
5.6
191

69
33
4.2
52

83
110
4.9
110

1.6
0.75
0.45
0.54

Fig. 8. Heat flow rate plots of PLLA-based formulations, upon cooling at 4
K min− 1.

Fig. 6. Mark-Houwink plot of c-PLLA (green), PLLA-IAH (black), PLLA-gPLLA4k (red). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

exotherm, which is also delayed compared to the other grades.
Quantitative data on overall crystallization rate of the samples are
displayed in Fig. 9, which shows the half-time of crystallization (τ½) as
function of the isothermal crystallization temperature (Tc). Data are
compared to commercial PLLA, as received (c-PLLA) and melt processed
in Brabender mixer (c-PLLAPr). The blended and grafted grades display a
much lower crystallization time compared to the plain linear polymer,
as well as to the polymer reacted with IAH, indicating their sizable faster
crystallization. Data gained for the blended and grafted compositions
mostly overlap within experimental uncertainty, with minor differences
observed only at temperatures where the crystallization rate is lower.
Comparison of the data presented in Figs. 7–9 reveals that the overall

Fig. 9. Half-time of crystallization (τ½) as function of crystallization
temperature.

crystallization rate is markedly faster in all the samples, compared to the
data reported in Ref. [30], which are also displayed in Fig. 9. It is likely
that the grafting reaction with itaconic anhydride in the Brabender
8
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mixer causes unwanted incorporation of particles that act as nucleating
agents for PLLA formulations. In fact, after melt processing commercial
PLLA displays a much faster crystallization rate (c-PLLAPr vs. c-PLLA
plots). Crystallization rate data of c-PLLAPr and PLLA-IAH overlap
within experimental uncertainty, probing not only that the faster crys
tallization rate of PLLA-IAH compared to c-PLLA is due to melt pro
cessing, but also that PLLA-IAH can be used as reference to compare the
effect of blending and grafting on crystallization kinetics.
The varied nucleation density caused by melt processing is revealed
by optical microscopy analysis. The optical micrographs of PLLA-IAH
prepared by Brabender mixing and of PLLA-g-PLLA4k, both dissolved
in chloroform to attain cast film, are compared in Fig. 10 to c-PLLA film
attained by casting only. The micrographs refer to samples isothermally
crystallized at 140 ◦ C. A much higher nucleation density is obvious in
the melt-processed samples, which causes the faster crystallization of
the reacted polymer seen in Figs. 7–9.
The isothermal spherulite growth rates (G) of PLLA grafted with IAH,
plain, blended with OH-terminated oligomer, and grafted with same
oligomer, are presented in Fig. 11. G values are limited to Tc ≥ 115 ◦ C, as
at lower temperatures the very high nucleation density complicates the
attainment of reliable data. Experimental data are compared to spher
ulite growth rates of pristine c-PLLA, taken from Ref. [30], and with the
same polymer after melt processing (c-PLLAPr). G data of both c-PLLA
and c-PLLAPr overlap, within experimental uncertainty, with G values of
PLLA grafted with itaconic anhydride. Not only this confirms that the
much faster crystallization rate of PLLA containing anhydride units
detailed above, is caused by the enhanced nucleation, but provides the
additional information that anhydride units randomly dispersed in the
PLLA chains do not sizably disturb growth of PLLA crystals. Conversely,
a significant increase in spherulite growth rate is observed in the
blended formulation, which is even more marked in the copolymer.
As demonstrated in Ref. [30], in the blended formulation the ste
reoregular and more mobile entangled short chains of the
OH-terminated oligomer start to crystallize at a higher temperature
upon cooling, or in a shorter time upon isothermal crystallization,
compared to the commercial PLLA of low stereoregularity and high
molar mass. These crystals act as nuclei for the growth of PLLA crystals
that contain both blend components which, in turn, is also facilitated by
the presence of short chains. It can be hypothesized that a similar
nucleation mechanism occurs in the graft copolymer, with an initial
crystallization of the highly stereoregular side chains, whose crystalli
zation kinetics is higher than that of the chain backbone, since the latter
contains D-isomer units that act as chain defects interfering with crystal
ordering. After primary nucleation, also a faster spherulite growth is
observed, higher in the case of graft copolymer. Both increases can be
rationalized taking into account that addition of short PLLA chains re
sults in a lower Tg, especially in the blends, which facilitates transport of

Fig. 11. Spherulite growth rates of PLLA formulations.

crystallizable chains in the melt across the liquid–solid interface, due to
the higher chain mobility at parity of temperature. However, the in
crease in G is even more marked in the graft copolymer than in the
blend, which suggests that additional effects need to be taken into
account.
For long polymer molecules, the rate determining step of crystal
growth has been named ‘molecular nucleation’ [53]: when a new
polymer molecule is added to a crystal, first a small part of it nucleates
on the growing substrate, then the remaining part of the chain is drawn
from the entangled melt [54]. For both blend and graft copolymer,
crystallization is initiated by the short stereoregular sequences. In the
blend, once crystal nuclei made of stereoregular oligomers are devel
oped, each long PLLA chain must attach to growing crystals (the ‘mo
lecular nucleation’) before further chain ordering can lead to crystal
growth. If in the graft copolymer the crystal nuclei are made of the short
side chains, chemically bonded to the long PLLA backbones, the latter
are already attached to the crystal surface, hence not need the molecular
nucleation step for the subsequent crystal growth. This results in a faster
crystal growth, as shown in Fig. 11, even faster than in the blend, at
parity of Tg.
In other words, the synthesis of a graft copolymer with a well-defined
length and amount of side chains by means of a tailored chemistry can
provide an efficient way to attain a faster crystallization rate of PLLA,
even higher than that attainable for a blend with the same nominal
composition.

Fig. 10. Optical micrographs (crossed polars) of PLLA formulations during isothermal crystallization at 140 ◦ C.
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4. Conclusions
[6]

A PLLA with a tailored amount and length of side branches randomly
distributed along the main chain was synthesized by radical function
alization with IAH and subsequent coupling with short and optically
pure PLLA chains able to enhance crystallization rate. The functionali
zation degree, determined by UV–vis spectroscopy is 0.5 wt%. The
optically pure PLLA4k branches were introduced via nucleophilic attack
to the IAH and the decrease in intrinsic viscosity combined with a de
viation from linearity for high molecular weight in the Mark-Houwink
plot of the graft copolymer proved the presence of branching, with an
average value of one branch every 240 repeating units, randomly
distributed along the PLLA chain.
Chain functionalization with IAH does not sizably vary the thermal
properties of the polymer, nor the crystal growth rate, and the only
measurable effect of an enhanced nucleation rate is due to unwanted
incorporation of impurities upon processing. Compared to a binary
blend with the same nominal composition, the graft copolymer displays
a higher spherulite growth rate, which was rationalized in terms of
molecular nucleation. The latter is a rate-limiting step in polymer
crystallization, which is not needed in the copolymer, where the opti
cally pure short side chains that crystallize earlier act as molecular
nuclei for the subsequent attachment of the main chain backbone to the
crystals.
The enhancement of crystallization kinetics of poly (L-lactic acid) by
copolymerization with optically pure branches has been demonstrated
to date only for the chain architecture and composition detailed in this
manuscript, i.e. for a graft copolymer made of side chains of Mn = 4 kDa
randomly attached to a main chain on average every 240 repeating
units. It is likely that crystallization rate of PLLA may be further
improved beyond the results detailed here, by proper variation of side
chains, in terms of chain length, density and composition. Furthermore,
since the glass transition is only barely affected by chain architecture
and composition, even faster crystallization rate can be attained by
adding specific components to the formulation, i.e. by addition of
plasticizers, beyond other specific additives like nucleating agents,
paving a path to overcome one the main drawbacks of PLLA that have
limited so far its wider commercial exploitation.
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