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High molecular weight poly (lactic acid) (PLA) was obtained by chain extending with hexamethylene diisocyanate (HDI). �e
in�uences of the amount of chain extender, reaction time, and molecular weight changes of prepolymers on the poly(lactic acid)
were investigated. PLA prepolymer with a viscosity, average molecular weight (��) of 2 × 104 g/mol was synthesized from l-lactide

using stannous octoate as the catalyst. A�er 20min of chain extension at 175∘C, the resulting polymer had�� of 20.3 × 104 g/mol
and�� of 10.5× 104 g/mol. Both FT-IR and 1H-NMRveri�ed that the structure of PLAdid not change either before chain extending
or a�er. �e optically active characterized that the chain extending-product was le� handed. DSC and XRD results showed that
both the �� and the crystallinity of PLA were lowered by chain-extension reaction. �e crystalline transformation happened in

PLA a�er chain extending, crystalline �� form to � form.

1. Introduction

At present, plastics waste disposal has become a serious
problem worldwide. �ere is a strong need to provide
plastic materials suitable for packaging, which will also be
degradable and result in products that are environmentally
safe [1]. Concerning the feasibility of the use of renewable raw
materials and production process, the poly (lactic acid) (PLA)
has become a very promising biodegradable polymer [2, 3].

High molecular weights are needed for PLA to have
good physical properties. Until now, high molecular weight
PLA was synthesized by ring-opening polymerization of the
lactide [4], which is relatively complicated and expensive.
Direct polycondensation of lactic acid is a low-cost process to
produce PLA [5]; however, it is hard to increase themolecular
weight enough because of the di�culty of removing the
water from the system. A large number of investigations
have been made to improve PLA properties via plasticiza-
tion, copolymerization, and blending with elastomers [6–
14]. Among them, low-cost, nontoxic HDI as chain extender
is the simplest and most e�ective way. Addition of a chain
extender to improve the molecular weight of PLA, it can

solve the problemof degradation time of polylactic acid being
uncontrollable [15]. But most of the researches were focused
on themolecular weight of the products, optical activities and
the transition of crystal form of the products e�ect of chain
extension reaction were ignored.

In this paper, higher molecular weight PLLA was pro-
duced by ring-opening polymerization of lactide followed
by chain extension. Hexamethylene diisocyanate (HDI) was
used as the chain extender. Optical activities and the transi-
tion of crystal form of the PLA chain extend with HDI were
studied.

2. Materials and Methods

2.1. Materials. l-lactide was synthesized and puri�ed by
laboratory: 97% optically pure, �� 100.8∘C, and moisture
content 19.0 ppm. Stannous octoate was from Sigma Chem-
ical Co. HDI (+99%) was purchased from Shanghai Jingchun
Chemical Co., China. Toluene was re�uxed over sodium
with benzophenone as an indicator. All other chemicals were
reagent grade.
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Table 1: �e in�uences of process conditions on poly(lactic acid) a�er chain extension.

Runa ��pre
(10−4 g/mol)

[NCO]/[OH]b t (min) [�]25	
M (10−4 g/mol) ��/�� Chain-extension

e�ciency (%)
Insoluble content

(wt%)�� ��
a1 2 1.5 20 −141 7.9 16.3 2.0 68.9 2.2

a2 2 3 20 −145 8.7 12.1 1.4 42.6 3.0

a3 2 6 20 −145 10.5 20.3 1.9 52.2 3.6

a4 2 8 20 −139 9.9 15.2 1.5 45.7 3.9

a5 2 6 10 −140 5.4 8.3 1.6 47.9 2.2

a6 2 6 30 −142 5.9 9.6 1.6 52.8 4.4

a7 2 6 40 −141 6.1 11.1 1.8 56.6 2.2

a8 3 6 20 −142 6.3 10.7 1.7 72.8 3.6

a9 4 6 20 −140 6.7 12.5 1.8 72.7 3.8

a10 5 6 20 −139 7.0 12.6 1.8 76.7 4.1
aReaction temperature: 175∘C, nitrogen atmosphere; bmole ratio of –NCO to –OH.

2.2. Synthesis of Polymer. �e low molecular weight PLA
prepolymer was synthesized through lactide ring-opening
polymerization. �e monomer (l-lactide) was �rst charged
into the reactor. �e catalyst solution was added by a syringe
with capillary, and polymerization reaction was initiated.
�e reactor was heated with an oil bath while stirring, and
through a period of 6 h, the temperature was raised to 135∘C
while the pressure was reduced to 0.06MPa. A�er the reac-
tion, the polymers were dissolved by chloroform, precipitated
by alcohol, and then dried under vacuum at 40∘C for 48 h.

A�er the ring-opening polymerization, the temperature
was heightened to 175∘C under nitrogen atmosphere, and
calculated HDI was added to the reactor while stirring; the
reaction was taken from 10 to 40min. A�er the reaction,
the resulting polymer was dissolved in chloroform and
precipitated in the excess of ethanol. �e �nal product was
isolated by �ltration and dried in a vacuum at 40∘C for 48 h.

2.3. Characterizations. �e number average molecular
weight and weight average molecular weight of the PLA
were determined by gel permeation chromatography (GPC)
on a Waters 1515 HPLC system. Tetrahydrofuran was used

as eluent at a �ow rate of 1.0mL ⋅min−1. �e temperature
of the columns and detector was 40∘C. Calibrations
were ful�lled with narrow molecular weight distributed
polystyrene standards. Intrinsic viscosities were determined
in chloroform at (25 ± 0.1)∘C by Ubbelohde viscometer.

[p] = [2 × (psp − ln p
)]0.5/� = ���, � = 2.21 × 10−4,
� = 0.77, p
 = �/�0, psp = 1 − p
. Optical activities were tested

in chloroform at (25±0.1)∘C, by wzz-3 automatic polarimeter
(Shanghai Precision Instrument Co.), and the measurement
concentration was 9.0mg/mL. A Bruker VERTEX 70 FT-IR

was used to scan the FTIT spectrum, and the 1H-NMR
spectrum was recorded with a Bruker FT/AC-80 NMR
spectrometer using CDCl3 as a solvent. DSC measurements
were performed with a NETZSCH DSC-204F1 scanned
at the rate of 10∘C/min. A second-scan DSC spectrum
was recorded a�er the sample was annealed to 0∘C.
	� = (
��/
��0) × 100%, 
��0 = 93 J/g [16]. X-
ray di�raction patterns were recorded with a Bruker

ADVANCE-D8X X-ray di�ractometer, scanned from 5∘ to
40∘.

3. Results and Discussion

3.1. Polymerization. �e PLA prepolymer was synthesized
using stannous octoate as the catalyst according to reaction
[17]. A�er chain extending at 175∘C for 10–40min, the
reaction product was collected and analyzed. �e analysis
results were summarized in Table 1. �e molecular weight
was increased several times a�er chain extension. It was
suggested that HDI connects the hydroxyl end group so as to
double grow the molecular weight. However, the increment
of molecular weight was more than twice as shown in Table 1.

Table 1 shows the e�ect of the dosage of HDI, reaction
time, and prepolymer molecular weight changes on the chain
extension products. When the ratio of [NCO] to [OH] is 6,
a�er chain extending at 175∘C for 20min,�� of 203,000 was
obtained. FromRun a1, a2, a3, and a4,withHDI increased, the
molecular weight of PLA product growth multiples. While
the amount of HDI was too much, molecular weight of
products decreased. �is is because the excessive HDI is
unevenly distributed, and then crosslinking or branching
happened, leading to the majority of low molecular weight
prepolymer reacting with the remaining chain extender.
When the ratio of [NCO] to [OH] is 8, �� of 30000 was
obtained and insoluble content reaching 3.9%, indicate that
the excess amount of the isocyanate groupmay also react with
the other end of PLA molecule to form crosslink and branch
structure according to reaction (3) of Figure 1. Run a3, a5, a6,
and a4 indicated that long reaction time led to crosslinking,
this was proved by the insoluble content. �e molecular
weight of the prepolymer changing in Run a3, a8, a9, and a10
shows that with increasing prepolymer molecular weight, the
molecular weight of the chain-extended PLA increased, while
insoluble content also increased. Optical activity test proved
that the chain-extended product is laevorotary.

3.2. FT-IR and 1H-NMR. Figure 2 shows the FT-IR spectrum
of the PLA prepolymer and the chain-extended product
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Figure 1: �e synthesis scheme of the PLA chain extended with
HDI.
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Figure 2: �e infrared spectrum of the PLA prepolymer and the
PLA chain extended with HDI (Run3).

with molar ratio at 6 of NCO/OH a�er 20min reaction.
Both IR spectra have characteristic ester absorption bands
at 1760 cm−1, but in the Run3, a shoulder peak appeared
at 1691 cm−1 according to –C=O adjoin to –NH. �e

–NH �exural vibrations absorption peak at 1525 cm−1 and
stretching vibrations absorption peak at 3413 cm−1 appeared

a�er the chainextending reaction. �e weak absorption at

720 cm−1 represents the –CH2– from HDI. With the PLA
crystallization peak at 756 cm−1, the peak strength weakened
a�er the reaction [18].

Figure 3 shows the 1H-NMR (500MHz, TMS, CDCl3)
spectrum of the PLA prepolymer (Figure 3(a)) and the
PLA chain extended with HDI (Figure 3(b)). Both spectra
exhibited the signal of methine group at 5.1 ppm (a) and the
signal of methyl group at 1.6 ppm (c). �e signal at 4.3 ppm
(b) in the spectrum shown in Figure 3(a) characteristic of the
hydrogen of the methine next to a hydroxyl end group was
found. But the signal at the same shi� was not observed in
the spectrum shown in Figure 3(b), because the HDI reacted
with the hydroxyl group. �e broad signals at 3.2 ppm (b)
and 4.1 ppm (d) in the spectrum shown in Figure 3(b) were
assigned to the unit of HDI in the PLA polymer chain [15],
consistent with the results of FT-IR. �e intensity ratio of
the signal corresponding to urethane to the signal of HDI
unit was not 1 : 2. �is can be explained by the fact that the
hydrogen in the urethane bond reacted with other polymer
chain to form branch structure.

3.3. Gel Permeation Chromatography. Figure 4 shows the
GPC spectra of the PLA chain extender with HDI. From
the spectra we can comprehend that the distribution has two
modes called a bimodal distribution.�e characteristic peaks
of low out�ow time represent the high molecular weight
chain-extending products, the peaks of high out�ow time
peak for the low molecular weight prepolymer. �e chain
extension reaction successfully happened in prepolymer, in
the presence of HDI. With the increase of chain extender,
reaction time, and prepolymer molecular weight, the high
molecular weight part content increased in the products.

3.4. DSC. Table 2 shows the DSC thermograms of the
PLA prepolymer and chain-extended PLA. A�er the chain-
extending reaction, the melt enthalpies were reduced.�e ��
and��moved towards lower temperatures.�is suggests that
adding of chain extender had an e�ect on crystallinity of PLA
according to the long chain alkane structure unit of the chain
extender HDI.�e crystallization of the chain-extended PLA
is still above 40%, yet crystal can be connected to each other,
forming throughout the material of the continuous phase. So
the highest used temperature can be increased close to the
crystalline melting point [19].

Figure 5 shows the DSC thermogram of the PLA pre-
polymer and the PLA chain extended with di�erent adding
amount HDI. With the increasing amount of HDI, the
crystallinity increased �rst and then decreased, indicating
that a small amount of HDI was added tomake themolecular
chain growth, and also to maintain good crystallinity. Too
much HDI makes the product of insoluble matter content
increased, while it also reduces the product crystallinity.

Figure 6 shows the DSC thermograms with the time of
the chain-extending reaction. When the reaction time was
30min, two obvious melting peaks of chain-extending prod-
uct appeared, suggesting a phase transition process. �e ��
of the PLA chain extended with HDI decreased; it suggested
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Table 2: DSC data of the PLA prepolymer and the chain-extended PLA.

Run ��� (×10−4 g/mol) Insoluble content (wt%) ��(∘C) �� (∘C) Δ�� (J/g) 	� (%)

Prepolymer 2.0 0 59.0 170.3 52.9 56.8

1 16.3 2.2 57.2 161.1 39.6 42.5

2 12.1 3.0 57.2 164.5 41.1 44.1

3 20.3 3.6 56.6 163.5 39.4 42.3

6 9.6 4.4 55.5 158.8 42.2 45.3

8 10.7 3.6 56.2 163.5 43.8 47.1

9 12.5 3.8 55.8 164.1 43.5 46.7

10 12.6 4.1 56.2 164.5 42.9 46.1
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Figure 3: 1H-NMR spectrum of PLA prepolymer (a) and the PLA chain extended with HDI (Run3) (b).
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Figure 4: GPC spectrogram of the PLA chain extender with HDI.

that the longer reaction time resulted in insoluble matters
increase. Because of the transition of crystal form crystalline
part, the melting enthalpy increases and crystallinity of the
PLA increased.
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Figure 5: DSC thermogram of the prepolymer and the PLA chain
extended with di�erent adding amount HDI.

Figure 7 shows the DSC thermographs of the PLA from
di�erent molecular weight prepolymers. With the increase of
molecular weight of PLA prepolymer, transformation of PLA
crystal phenomenon gradually weakened and disappeared.
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Figure 6: DSC thermogram of the chain-extended PLA with
di�erent chain-extending reaction time.
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Figure 7: DSC thermogram of the PLA from di�erent molecular
weight prepolymers.

�e insoluble matter content increased; the crystallinity
decreased slightly.

3.5. X-Ray Di	raction. Figure 8 shows the X-ray di�raction
pattern of the PLA prepolymer and the chain-extended PLA.
�e PLA prepolymer showed the sharp peak at 2
 about 16.5∘
(020 re�ection) and 18.8∘ (023 re�ection), while the peaks of
the chain-extended samples were much lower and shi�ed the
peaks at 2
 of 16.8∘and 19.1∘. �e results show that a�er the
chain extender polymerization, the crystal type of the PLLA
turns �� to �-crystal type [20, 21], consistent with the results
of DSC.

4. Conclusions

Higher molecular weight of poly(l-lactic acid) was prepared
by using HDI chain-extending method with the low molec-
ular weight PLA as the prepolymer. �e weight average

10 15 20 25

Prepolymer

Run6

Run10

2� (∘)

Figure 8: XRD pattern of the PLA prepolymer and the chain-
extended PLA.

molecular weight of the chain-extended PLA could reach

up to 20.3 × 104 g/mol by GPC measurement. Both FT-IR

and 1H-NMR tests give a veri�cation of structure, and the
optically active characterized that the product was PLLA.
Chain-extended PLLA had lower crystallinity by DSC and
X-ray di�raction because of the branched structure. �e
DSC and X-ray di�raction results both indicated that the
crystalline of product changed from mixed ��- and �-crystal
form to �-crystal form.
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