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ABSTRACT: A series of aliphatic diacyl adipic dihydrazides (ADHs) with different alkyl moieties were synthesized by the reaction
between adipic dihydrazide and acyl chloride. Then these ADHs were solution blended with PLA respectively and were evaluated as
nucleating agents. Through the investigation of nonisothermal and isothermal crystallization, it was found that both the crystalliza-
tion rate and the crystallinity of PLA could be enhanced by adding only 1 wt % of ADHs. Especially for ADH-Oc (ADH-Octyl), the
crystallization rate of PLA increased about 4 times at 105°C. Optical morphology showed that and the size of PLA spherulites
decreased and the nucleation density increased with the existence of ADH-Oc. Meanwhile, the crystal structure of PLA were not dis-
cerniblly affected after the addition of ADHs as found by wide-angle X-ray diffraction. Thus, this study suggested these ADHs com-
pounds are simple and potential nucleating agents to enhance crystallization ability of PLA. © 2015 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

Poly(lactic acid) (PLA) is one of the most important biocom-
patible and biodegradable polymers, and the monomers of
which are generally produced by fermentation of renewable nat-
ural resources like corn and sugar cane, etc.”> PLA not only can
be used in biomedical areas,™ but also has substituted some
conventional plastics and packing materials to a certain extent
because of its good mechanical properties.”™® However, the crys-
tallinity of neat PLA is usually very low because of its slow crys-
tallization rate, which leads to a long processing period and
poor heat resistance, and limits its extensive applications.””
Numerous studies have been carried out to improve the crystal-
lization ability of PLA, such as adding nucleating agent,''™"*
adding plasticizer,'”"” and optimizing the molding condi-
tion'®'® er al. However, one of the most useful and effective
way is recognized as adding nucleating agent in PLA.

Inorganic and organic nucleating agents had already been used
in PLA. Talc, clay, and montmorillonite are common examples
of inorganic compounds that had been reported to effectively
enhance the crystallization of PLA.?°** But the physical proper-
ties of these PLA composites were rather low when adding these
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nucleating agent.”! Organic compounds can also promote the
crystallization rate of PLA. This is typically achieved by adding
some low molecular weight substances which will crystallize at
temperature higher than the crystallization temperature of PLA
and provide nucleation sites. It was reported that adding N,N-
ethylenebis (12-hydroxystearamide) (EBH) could tremendously
increase the nucleation rate of PLA.>* At high crystallization
temperatures, the nucleation density of PLA in the presence of
EBH increased 40 times and the overall crystallization rate
increased four times. Compared with EBH, another low molec-
weight aliphatic amides, N,N’-ethylenebisstearamide
(EBSA), also showed effective nucleation ability in PLA because
of the hydrogen bond between amide bond and chains of
PLA.”> Moreover, the hydrazide group is considered to be a
functional group for designing an effective nucleating agent for
PLA, such as N,N-bis(benzoyl) alkyl diacid dihydrazides.*®
Kawamoto et al.””*® compared the nucleating ability of hydra-
zide compounds with talc and EBH in PLA. It was found that
selected hydrazide compounds enabled PLA to complete crystal-
lization upon cooling with a high crystallization enthalpy (AH,)
of 46 J/g, while that of Talc and EBH only showed AH, of 26
and 35 J/g under the same conditions, respectively. The
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hydrazide compounds, which containing stronger hydrogen
bond between nucleating agent and PLA chains, might further
enhance crystallization ability of PLA. However, to the best of
our knowledge, few literatures reported the investigation of ali-
phatic hydrazide compounds as nucleating agents in PLA, which
could also form strong hydrogen bond with PLA chains.

In this article, a series of aliphatic diacyl adipic dihydrazides
(ADHs) with different alkyl moieties were synthesized from
adipic dihydrazide and acyl chloride, and were investigated as
nucleating agent of PLA. Nonisothermal and isothermal crystal-
lization processes were studied to evaluate the crystallization of
neat PLA and PLA/ADHs blends. Morphologies and crystal
growth rate were also investigated by polarized optical micro-
scope (POM). Besides, the crystalline structures of PLA/ADHs
blends samples were evaluated by wide-angle X-ray diffraction.
At last, the nucleation effect of different ADHs were compared
and discussed.

EXPERIMENTAL

Materials

PLA (commercial grade 4032D, consist of ~2% D-LA) was pur-
chased from Nature Works LLC. The aliphatic diacyl adipic
dihydrazides were synthesized as the procedure listed in the
next section. Adipic dihydrazide and acyl chloride were pur-
chased from Aladdin Chemistry (Shanghai, China) and with no
further purification. All the other reagents and solvents were
obtained from Sinopharm Chemical Reagent and used without
further purification.

Synthesis of ADHs

Four ADHs with different alkyl moieties as Hexyl (He), Octyl
(Oc), Decyl (De), and Lauryl (La) groups were synthesized in
the same experimental procedure. The procedures were operated
as follows: 10 mmol adipic dihydrazide was suspended in
30 mL N,N-Dimethylformamide (DMF), added 30 mmol trie-
thylamineused as acid-binding agent, and then dropwise added
25 mmol acyl chloride below 3°C. The mixture was stirred for
30 min at low temperature and then reacted at 50°C for 5
hours. Then the reaction mixture including ADHs was cooled
in air to room temperature then poured into cold water with
stirring to form insoluble floc. The floc was filtered off and
washed with water and alcohol successively for several times,
then dried at 80°C in vacuum oven for 12 hours. Finally, white
ADHs crystals were collected and characterized by 'H NMR,
Fourier transform infrared (FTIR), and differential scanning cal-
orimetry (DSC).

Characterization

FTIR spectra of ADHs were carried out by a Nicolet 6700 spec-
trophotometer by use of KBr. The '"H NMR spectra of ADHs
were recorded with a Bruker instrument (400-MHz AVANCE
III). The ADHs samples were dissolved in DMSO and tetra-
methyl silane was used as an internal standard. Melting temper-
atures (T,,) of ADHs were recorded with DSC instrument
(Mettler-Toledo, TGA/DSC 1, Switzerland) under nitrogen pro-
tection from 25°C to 300°C at a heating rate of 5°C/min. FTIR,
'"H NMR results and T, were listed below. As can be seen from
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Figure 1. FTIR spectra of different ADHs.

the characterization results in Figures 1 and 2, we have synthe-
sized the ADHs successfully.

ADH-He (C,sH3,N,0,): "H NMR (400 MHz DMSO-d6, § in
ppm): 0.86 (t, 3H, CH;), 1.25 (m, 2H, CH,), 149 (m, 2H,
CH,), 2.06 (m, 2H, CH,), 9.64 (s, 1H, N-H); IR (KBr):
v=13320 (N-H), 2918 and 2846 (C-H aliph), 1604 (C=0),
1481 (N-H deform); T,, = 272°C.

ADH-Oc (C,,H4oN,Oy): '"H NMR (400 MHz, DMSO-d6, 6 in
ppm): 0.86 (t, 3H, CH3), 1.25 (s, 2H, CH,), 1.51 (s, 2H, CH,),
2.08 (t, 2H, CH,), 9.64 (s, 1H, N-H); IR (KBr): v = 3321 (N-
H), 2920 and 2845 (C-H aliph), 1605 (C=0), 1481 (N-H
deform); T, = 262°C.

ADH-De (C,gHsoN,0,): 'H NMR (400 MHz, DMSO-d6, d in
ppm): 0.88 (d, 3H, CH3), 1.28 (s, 2H, CH,), 1.41 (d, 2H, CH,),
2.12 (d, 2H, CH,), 9.65 (s, 1H, N-H); IR (KBr): v =3321 (N-
H), 2921 and 2844 (C-H aliph), 1604 (C=0), 1483 (N-H
deform); T,,= 260°C.

ADH-La (C30HssN;O4): 'H NMR (400 MHz, DMSO-d6, d in
ppm): 0.83 (d, 3H, CHs), 1.23 (s, 2H, CH,), 1.46 (s, 2H, CH,),
2.00(m, 2H, CH,), 9.61 (s, 1H, NH); IR (KBr): v =3322 (N—
H), 2922 and 2844 (C-H aliph), 1606 (C=0), 1484 (N-H
deform); T,,= 253°C.

2.0 7.5 6.0 45 3.0 L5 0.0
(ppm)

Figure 2. '"H NMR spectra of ADH-Oc [Asterisks denote the peak
ascribed to DMSO and H,O].
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Figure 3. DSC curves of neat PLA and PLA/ADHs: (a) nonisomtheral
crystallization at a cooling rate of 5°C/min and (b) subsequent heating
scan at a rate of 10°C/min.

Preparation of Samples

PLA/ADHs blends were prepared by solution casting method.
One g PLA was firstly dissolved in 30 mL dichloromethane and
then 1 wt % ADHs were added into the solution. The suspen-
sions were stirred and dispersed with ultrasound for 5 min so
that the ADHs particles could disperse in PLA solution uni-
formly. At last, the blends were casted on glass petri dishes.
Then the prepared films were kept in a vacuum oven at 80°C
for 12 hours.

Applied Polymer

SCIENCE

Crystallization Behavior

The nonisothermal and isothermal crystallization behaviors of
neat PLA and PLA/ADHs were researched by a DSC instrument
(Mettler-Toledo, TGA/DSC 1, Switzerland). The measurements
were conducted under nitrogen atmosphere. In the nonisother-
mal crystallization process, about 5-10 mg samples were firstly
heated to 200°C at a rate of 30°C/min and hold for 3 min to
eliminate thermal history. Then the samples were cooled to
25°C at a decreasing rate of 5°C/min, and were subsequently
heated to 200°C at an increasing rate of 10°C/min. Melt crystal-
lization temperature (7;,.) and melt crystallization enthalpy
(AH,,.) were obtained during the cooling process, cold crystalli-
zation temperature (T.), cold crystallization enthalpy (AH,.),
melting temperature (7,,), and melting enthalpy (AH,,) were
measured during the subsequent heating process. The degree of
crystallinity (X,.) values of neat PLA and PLA/ADHs blends

were evaluated by the following equation:***°

AH,,—AH. _ 1
=" — X 1
AHY ) ()

c

where AH,, and AH, are the melting enthalpy and cold crystalliza-
tion enthalpy in the second heating process,  is the weight fraction
of PLA in the PLA/ADHs blends, and AH,°, which is the melting
enthalpy of an infinitely large crystal, was taken as 93.6 J/g.”'

During the isothermal crystallization process, the samples were
also held at 200°C for 3 min to eliminate the thermal history and
the blends were then quenched to a desired crystallization temper-
ature with a decreasing rate of 100°C/min. The isothermal test
was measured for 20 min and the time dependent crystallization
enthalpy (AH,) was automatically recorded by the instrument.

Wide-Angle X-ray Diffraction

PLA and PLA/ADHs blends were isothermal crystallization
treated before examined in the wide-angle X-ray diffraction
(WAXD) system. WAXD patterns were performed on a D8
Advance diffractometer (Bruker AX, Germany) with a C, K,
radiation (4,=0.154 nm). The equipment was operated at 40
kV and 40 mA under ambient temperature. Samples were
scanned in fixed time mode with 7 min under diffraction angle
20 in the range of 5-40°.

Optical Morphology

The PLA spherulites formation and size of the spherulites were
observed by a polarized optical microscope (POM, Olympus
BX51). The temperature control of these samples was performed
using a hotstage (Linkam LTS420). The solution casting films
sandwiched between two glass slides were held at 200°C for 3

Table I. Nonisothermal Crystallization Data of Neat PLA and PLA/1 wt % ADHs

AHre Tec AHec Tm AHrm,

Sample Tme (°C) (J/g) (°C) (W) (°C) (Jlg) X%
PLA - - 130 24.1 167 25.4 1.4
PLA/ADH-He 105 20.5 96 28 168 28.7 28.0
PLA/ADH-Oc 98 203 95 26 168 30.4 30.0
PLA/ADH-De 97 116 102 8.3 167 27.3 20.5
PLA/ADH-La 103 10.7 110 10.2 167 27.6 18.8
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to reach high crystallinity during the common nonisothermal
crystallization treatment. However, after adding only 1wt %
ADHs, obvious crystallization peak could be detected in the
crystallization exotherm of PLA/ADHs blends, indicating that
ADHs could enhance the crystallization ability of PLA. Further-
more, the presence of ADHs had an effect on the cold crystalli-
zation temperature (7,.) of PLA during subsequently heating
process, which leaded to lower cold crystallization temperatures
(Te). The adding of ADHs did not affect the T, and T, of
PLA, but the melt crystallization enthalpy (AH,,.) increased in
the PLA/ADHs blends when compared to neat PLA as shown

With the addition of 1 wt % ADH-De or ADH-La, small and
broad melt crystallization peaks appeared in the cooling scan
curves in Figure 3(a), and strong cold crystallization peaks still
existed in the subsequent heating process as shown in Figure
3(b). Such results mean that the nucleation effect of ADH-De
and ADH-La was very limited. In contrast, by using ADH-He
or ADH-Oc, the melt crystallization peaks were much sharper
and larger as reflected by AH,,. and crystallinity in Table I
The cold crystallization peaks almost disappeared in the fol-
lowing heating scan in Figure 3(b), indicating that the crystal-
lization of the PLA was significantly improved in the cooling
process. What is more, T.. of PLA/ADH-Oc and PLA/ADH-
He decreased to 95°C and 96°C, respectively, which means
that the cold crystallization was also elevated. The thermal
parameters of PLA and PLA/ADHs blends from nonisothermal
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Figure 4. Effect of varying (a) the T, on the f;,, values of neat PLA and

the PLA/ADHs and (b) the rate of crystallization versus aliphatic sequence
length at constant T..

min and followingly quenched to desired temperature for iso-
thermal crystallization.

RESULTS AND DISCUSSION

Nonisothermal Crystallization

The DSC thermograms of the nonisothermal crystallization for
neat PLA and PLA/ADHs blends were all shown in Figure 3.
No crystallization peak was detected for neat PLA during the
cooling process in Figure 3(a), and a wide cold crystallization
peak was observed around 131°C in the subsequent heating
process as shown in Figure 3(b). The results illustrated that the
crystallization ability of neat PLA was poor and very difficult

crystallization process were listed in Table 1. It was found that
the crystallinity (X.) of PLA increased from 1.4% to 30.0%
with the addtion of 1 wt % ADH-Oc, and the PLA/ADH-Oc
blend exhibited the sharpest and narrowest melt crystallization
peak in the cooling scan Figure 3(a). Therefore, ADH-Oc was
the most efficient nucleating agent for PLA among ADHs. In
terms of lower T, and higher AH,,., the nucleation effects
decreased in the order of ADH-Oc>ADH-He>ADH-
De > ADH-La.

Isothermal Crystallization

PLA and the PLA/ADHs blends were studied by isothermal
crystallization at different temperatures. Figure 4(a) showed
the crystallization half-time (#;,) of the samples at varying T..
The crystallization half-time (#;,) was defined as the time
achieving 50% of the final crystallinity of the samples. It was
noted that the t,,, values of PLA/ADHs were all lower than
that of neat PLA. In samples of PLA/ADH-He, PLA/ADH-Oc

Table II. The Avrami Parameters and Thermal Data of Neat PLA and PLA/ADHs Melt Crystallized Isothermally at 100°C, 105°C, and 110°C

100°C 105°C 110°C
Sample t1/2 (min) n AH. t1/2 (min) n AH. t1/2 (min) n AH.
PLA 9.2 3.98 26.6 10.7 3.48 27.5 10.5 3.94 24.6
PLA/ADH-He 4.2 5.20 28.7 4.1 4.48 29.5 4.3 523 29.2
PLA/ADH-Oc 2.8 3.97 321 2.8 4.98 32.9 3.0 481 28.4
PLA/ADH-De 4.4 4.81 27.3 4.1 4.25 27.1 4.4 4.05 32.3
PLA/ADH-La 5.0 3.91 313 4.0 3.06 35.0 41 3.14 33.1
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Figure 5. DSC curves of isothermal crystallization of neat PLA and PLA/ADHs at (a) 100°C, (b) 105°C, and (c) 110°C.

and PLA/ADH-De, the minimum of t;,, appeared at 105°C.
But in sample PLA/ADH-La, the shortest #,,, located between
115°C and 120°C, and below 115°C #,,, increased as tempera-
ture decreased. It was interesting to note the temperature dif-
ference of minimum #f;,, among these systems, and such
results could be attributed to crystalline structure, particle size,
distribution etc. As shown in Table II, the t;,, of PLA/ADH-
He, PLA/ADH-De, and PLA/La was about 4 min from 100°C
to 110°C, and the shortest t;,, was 2.8 min for PLA/ADH-Oc
at 105°C. Crystallization rate at constant T, can be inversely
reflected by crystallization half-time (#;,,) as shown in Figure
4(b). It was clearly shown that growth of PLA crystallites is
the fastest when ADH-Oc is present. It showed that ADH-Oc
was the most effective nucleating agent among these com-
pounds, because f;,, in PLA/ADH-Oc was always lower than

others and the crystallinity was higher than others in the
experimental temperature region. It may be interpreted by the
fact that PLA chains could attach well to the surface of the
ADH-Oc nucleus.

The isothermal crystallization for neat PLA and PLA/ADHs
blends at 100°C, 105°C, and 110°C were showed in Figure 5 as
examples. As can be seen from Figure 5, the heat flow of neat
PLA changed very slowly, and no sharp crystallization peaks
could be found during the isothermal process. In contrast, for
all the PLA/ADHs blends, obvious and sharp crystallization
peaks could be observed. As can be seen from Table II, the crys-
tallization enthalpy (AH,) of PLA could reach high values after
the isothermal crystallization for 20 min, but the AH, of blends
could reach its maximum value in a much shorter time. This
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zation at different temperatures (a, b, ¢).
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Equation (2) can be rearranged into linear form as given by

In[~In (1—X;)]=Ink+nlnt (3)

Then the parameter n can be obtained from the slope of plot of
In[—In 1—X;] versus Int, and the intercept is Ink.

Figure 6 showed the curves of X, versus crystallization time in
the row above and the plots of In[—In1—X;] versus Int for the
neat PLA and PLA/ADHs blends in the row below. As shown in
Figure 6, linear fit well described the Avrami equation for all
the samples. The Avrami exponent n was calculated by employ-
ing Avrami equation and listed in Table II. It could be found
that the Avrami exponent n differed from sample to sample,
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Figure 7. WAXD patterns of neat PLA and PLA/ADHs treated by isother-
mal crystallization at 105°C for 5 min.

result again affirmed that the addition of ADHs could improve
the crystallization rate of PLA.

The isothermal crystallization could be described by the well-
known Avrami equation.”** In this equation, relative crystal-
linity X, was defined as in the following equation:

1—X,=exp(—kt") (2)
where 7 is the Avrami exponent and k is the rate constant of

crystallization. Usually, the Avrami exponent n depends on the
mechanism of nucleation and the type of crystal growth.’

and it also varied with T, For neat PLA, the values of n were
around 4, reflecting homogeneous nucleation with a three-
dimensional crystal growth.”® In contrast, most of n values of
the PLA/ADHs blends were between 3 and 5 and no regular law
can be found in these samples, which may be explained by the
complicated competition between grain boundaries, chemical
group compatibilities and lattice match, etc.’” Since n depends
on many factors, such as the nucleation density, blending, crys-
talline type, and restriction of crystalline formation, it needs
further investigation in the future.

Wide-Angle X-ray Diffraction

The WAXD patterns of neat PLA and PLA/ADHs blends,
treated by the process of isothermal melt crystallization at
105°C for 5 min, were shown in Figure 7. Neat PLA showed
two weak diffraction peaks (20 =16.90° 20=19.15°). It can

Figure 8. POM images of neat PLA (a, b) and PLA/ADH-Oc (2, b’) crystallized isothermally at 120°C for 5 min and 10 min.
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be attributed to the crystals of neat PLA. While PLA/ADHs
blends exhibited a strong diffraction peak at 16.89° and a
weak peak at 18.99°, which related to the (200)/(110) and
(203) planes, respectively, and were the characteristic peaks of
PLA crystallite.”® Another weak peaks were observed at 29.3°
which were the diffraction of ADHs crystals. The results indi-
cated that the crystallinity of PLA was improved while the
crystalline structure was not discernibly affected by the addi-
tion of ADHs.

Optical Morphology

Based on the findings above, ADH-Oc was selected as a typical
effective nucleating agent for further analysis to evaluate its
nucleation ability. The spherulite morphology of neat PLA and
PLA/ADH-Oc were analyzed under a polarized optical micro-
scope. We selected a high crystallization temperature (120°C) to
distinguish homogeneous nucleation and heterogeneous nuclea-
tion in the samples and monitor the morphology in the course
of crystallization. As shown in Figure 8, it was obvious that the
size of spherulites in PLA were much bigger than those in the
PLA/ADH-Oc blends crystallized isothermally at 120°C for 5
and 10 min. Moreover, the number of growing spherulites
ascended with time in neat PLA, whereas the number of grow-
ing crystallites seemed stay almost constant in PLA/ADH-Oc.
This result showed that ADH-Oc could provide more nuclea-
tion sites for the crystallization and heterogeneous nucleation
dominated in PLA matrix. With increased nucleation, the crys-
tallization ability of PLA was enhanced greatly, which was con-
sistent with the previous results.

CONCLUSIONS

Four different aliphatic diacyl adipic dihydrazides (ADHs)
were synthesized and investigated as the nucleating agents for
PLA. The results of nonisothermal and isothermal crystalliza-
tion results showed that ADHs could enhance the crystallinity,
gave high AH,,. and lowered the cold crystallization (T,..) of
PLA. Among them, ADH-Oc was the most effective nucleating
agent in terms of fastest crystallization rate and highest crys-
tallinity. The blend of PLA/ADH-Oc exhibited a very short
crystallization half-time around 2.8 min at 105°C. In addition,
WAXD analysis revealed that ADHs could improve the crystal-
lization of PLA but has no effect on the crystalline structure.
POM investigation showed that the PLA with the addition of
ADH-Oc could form smaller spherulites and larger nucleation
density. Thus, this study suggested ADH-Oc is simple and
potential nucleating agent to enhance crystallization ability of
PLA.
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