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Abstract: This work was aimed at synthesizing the N, N'-isophthalic bis(piperonylic acid) dihydrazide
(PAID) to be as a new crystallization accelerator for poly(L-lactide) (PLLA), and a detailed
investigations of the non-isothermal crystallization, melting behavior, thermal decomposition behavior
and mechanical properties of PLLA nucleated by PAID were performed applying differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA) and electronic tensile tester. The melt-
crystallization proved that the PAID could act as a heterogeneous nucleating agent to significantly
promote the crystallization in cooling, even the crystallization was still able to be accelerated upon the
fast cooling at 50 °C/min. The final melt temperature was another crucial factor for PLLAs melt
crystallization, and when the final melt temperature was 170 °C, the onset crystallization temperature
and melt-crystallization enthalpy was almost up to 150 °C and 56.8 J/g upon cooling of 1 °C/min,
respectively. Furthermore, the chemical nucleation was proposed to be the nucleation mechanism of
PAID for PLLA via the preliminary theoretical calculation. For the cold-crystallization, the addition of
PAID exhibited an inhibition for the crystallization of PLLA, but the total crystallization process
depended on the heating rate and PAID concentration. The single melting peak after cooling of 1 °C/min
indicated that the crystallization had been thoroughly completed in cooling. Additionally, the single
melting peak with different locations after full crystallization resulted from the different crystallization
temperatures. A comparison in the onset decomposition temperature implied that the presence of PAID
only slightly decreased the thermal stability of PLLA. The mechanical testing showed that, in contrast
with the elongation at break, the existence of PAID enhanced the tensile strength of PLLA.
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1.Introduction

Poly(L-lactide) (PLLA), as a configuration of poly(lactic acid), can be obtained from renewable
resources such as potato, corn, rice, etc. [1, 2], which dramatically reduces the usage of fossil resources
and hazard of white pollution. Moreover, these typical features of PLLA itself including inherent
biodegradability, excellent biocompatibility, nontoxic, relatively low-cost production [3, 4] leads to its
tremendous potential applications in packaging [5], agriculture [6], medical materials [7], Dong et a/
prepared the PLLA coating film through poly(ethylene glycol) as the media, the testing resultant showed
the PLLA coating film had a good interfacial binding force and lower CO> and O; permeability. The
effects of the PLLA coating film on sensory quality and microbial propagation in strawberries indicated
that, when the PLLA coating film was used for strawberry, the PLLA coating film as an antimicrobial
was effective [8].

However, for the native PLLA, slow crystallization speed is one of the worst negative properties and
the resulting poor heat resistance has limited its wide practical application, because the molding process
needs a long time and becomes a high-cost manufacturing process. Therefore, in an effort to improve
crystallization ability of PLLA, a recent trend is to add a nucleating agent in PLLA matrix, thanks to its
simple operation, low dosage, easy industrialization and efficient crystallization accelerating role [9-11].
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The nucleating agent can instantaneously increase the nucleation density in PLLA matrix and reduce
the surface free energy barrier to induce the crystallization to occur in the higher temperature region or
at a faster cooling rate. As a result, the crystallization of PLLA has been improved by a large amount of
effective nucleating agents such as talc [12], montmorillonite [13], mica [14], halloysite [15], calcium
carbonate [16], zinc citrate [17], silicon dioxide [18], grapheme [19], YV O4 [20], metal phosphonate
[21], zinc salts of amino acids [22], metallic salts of phenylmalonic acid [23], p-tert-butylcalix[8]arene
[24], myo-inositol [25], sorbitol derivative [26, 27], fulvic acid amide [28], benzoyl hydrazine
derivatives [29, 30], 1H-benzotriazole derivatives [31], etc. Through analysis of progress in nucleating
agents for PLLA, it was found that the nucleating agent for PLLA gradually evolved from inorganic
compounds to organic compounds [32]. For the organic nucleating agents, the inherent disadvantage of
poor compatibility of inorganic nucleating agents with PLLLA matrix can be effectively avoided, and
organic nucleating agents also present better nucleation effect for PLLA as compared to the inorganic
nucleating agents [33]. Therefore, further developing efficient organic nucleating agents to finally realize
large-scale application is very important to PLLA industry.

Unfortunately, compared to the nucleating agents for other thermoplastics like polypropylene and
polyethylene, the category and quantity of organic nucleating agents for PLLA need to be still further
expanded. Given that, in this work, the isophthalic dihydrazide and piperonylic acid derived from the
pepper were used to synthesis N, N'-isophthalic bis(piperonylic acid) dihydrazide (PAID) as a new
organic nucleating agent for PLLA. Then the PAID-nucleated PLLA was fabricated by melt blending
technology, and the thermal performances including non-isothermal crystallization, melting behavior
and thermal decomposition under flowing air, and mechanical properties of PLLA containing different
PAID concentration were investigated in detail.

2.Materials and methods

PLLA in this work was obtained from Shenzhen Danshen Plastic Co., LTD, and the trade name of
this PLLA was 4032D produced by Nature Works LLC of USA. All reagents used to synthesise PAID
were obtained from Chongqing Huanwei Chemical Company of China, and these reagents were required
to be analytical purity.

PAID synthesis

The synthetic route of PAID includes two steps, they are chlorination reaction and acylation reaction
as shown in Figure 1. The typical synthesis procedure of PAID was as follows: the 10 g piperonylic acid
together with the 70 mL thionyl chloride as solvent and 0.5 mL DMF as catalyst were mixed, and the
mixture was slowly heated with stirring to reflux for 36 h. After the mixed solution was cooled to room
temperature, the evaporation of the mixed solution in vacuum was performed, and the residue was
piperonyloyl chloride.

The 0.004 mol isophthalic dihydrazide, 120 mL N, N-dimethylformamide and 3 mL triethylamine
were mixed to form an homogeneous solution using ultrasonic technology, and then the 0.008 mol
piperonyloyl chloride was added into the aforementioned mixed solution to be further stirred in an ice
bath for 2 h, followed by heating up to 80°C and hold for 6 h. The reaction mixture was poured onto 300
mL deionized water; after cooling, the suspension was filtrated, followed by further washing for three
time using the deionized water. The resulting product was dried in vacuum at 35°C. Fourier Transform
Infrared Spectrometer (FT-IR) v: 3383.8 cm™! (N-H stretching vibrations absorption); 3084.9 and 746.9
cm ! (C—H stretching vibration and the out-of-plane bending vibration absorption); 1685.3 cm™
(stretching vibration absorption of C=O of synthesized amide group); 1647.9 (stretching vibration
absorption of C=0 of isophthalic dihydrazide); 1608.2, 1585.8, 1505.1 and 1446.5 cm™' (vibration
absorption of C—C of benzene); 1325.1 cm™! (stretching vibration of C-N and bending vibration of N—
H). '"H Nuclear Magnetic Resonance (‘H NMR) &: ppm; 10.04 (s, 1H, NH), 8.46 (s, 1H, NH),
7.00~7.51 (m, 3H, Ar), 6.11 (s, 2H, Ar). 2920.3,
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Figure 1. synthetic route of PAID

Preparation of PLLA/PAID samples

Before the blend, the PLLA and PAID need to be thoroughly dried for 48 h at 35°C under vacuum to
remove the residual water. The molten state blend of PLLA with different PAID concentration (0.5 wt%,
1 wt%, 2 wt% and 3 wt%) was carried out in on a counter-rotating mixer. The blending temperature was
set to 190 °C, and the screw speeds were set at 32 rpm for 7 min and 64 rpm for 7 min, respectively. In
the presence of 20 MPa, the aforementioned mixture was further hot pressed at 180°C and cool pressed
at room temperature for 5 min to obtain the relevant samples with a thickness of 0.4 mm. Finally, the
prepared PLLA samples containing 0.5 wt% PAID, 1 wt% PAID, 2 wt% PAID and 3 wt% PAID were
named PLLA/0.5%PAID, PLLA/1%PAID, PLLA/2%PAID and PLLA/3%PAID, respectively.

Test and characterization

The FT-IR and 'H NMR characterization of the PAID were recorded on an IS50 spectrometer and
AVANCE 400MHz nuclear magnetic resonance instrument, and the FT-IR testing sample of PAID was
prepared via the standard KBr pellet, and the spectra measurement was performed in a wavenumber
range of 4000 to 400 cm!; the deuterium reagent for 'H NMR measurement was dimethyl sulfoxide.
The melt-crystallization and cold-crystallization measurements were conducted on a Q2000 DSC with
50 mL/min nitrogen. For the melt-crystallization process, the sample was heated to the set melting
temperatures (170°C, 180°C, 190°C and 200°C) to maintain at that temperature for 3 min to eliminate
heat history, and then the sample was cooled at different cooling rates (1°C/min, 5°C/min, 10°C/min,
20°C/min, 30°C/min, 40°C/min and 50°C/min) to record the melt-crystallization DSC curve. For the
cold-crystallization process, the sample was heated to the 190°C to hold for 3 min, then the sample was
quenched to 40°C to hold for 3 min, and the sample was heated at different heating rates (1°C/min, 2
°C/min, 5°C/min, 10°C/min) to record the cold-crystallization DSC curve. The melting process of the
sample was still recorded by DSC, after melt-crystallization at cooling rate of 1 °C/min, the sample was
heated at different heating rates (1 °C/min, 2°C/min, 5°C/min, 10°C/min) to record the melting process;
and the sample was heated to 190°C to hold for 3 min to be quenched to the set crystallization
temperatures (120°C, 125°C, 130°C, 135°C and 140°C), held at that temperature for 180 min to ensure
complete crystallization, and then the sample was heated to 190°C at a heating rate of 10°C/min to record
the melting DSC curve. The thermal decomposition behavior of the sample was determined by Q500
TGA with 60 mL/min flowing air, and the sample was heated from 35 to 650°C at a heating rate of
5°C/min. The mechanical properties testing of the sample with dimensions of 25 mmx4 mmx0.5 mm
were operated on a D&G DX-10000 electronic tensile tester with 1 mm/min stretching speed.

3.Results and discussions

Melt-crystallization behavior
Upon cooling of 1 °C/min, the DSC curves of the pure PLLA and PLLA/PAID were shown in Figure
2. For the pure PLLA, there is almost not melt-crystallization peak in DSC curve as reported by literature
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[34, 35], attributed to the poor nucleation ability of PLLA itself. Usually, the total crystallization process
includes two stages, the nucleation and crystal growth. The poor nucleation ability of PLLA itself results
in the very slow nucleation rate and the formation of no nuclei. In contrast with the pure PLLA, all
PLLA/PAID samples exhibit the obvious and sharp melt-crystallization exotherms in DSC curves,
indicating that the PAID has the positive role of accelerating the crystallization of PLLA. This result is
thought to be due to the heterogeneous nucleation of PAID for PLLA crystallization, because the PAID
can provide a large amount of heterogeneous nuclei in PLLA matrix during cooling, and the existence
of these heterogeneous nuclei leads to the fast nucleation rate; on the other hand, the initial high
temperature region of cooling of the melt ensures the mobility of PLLA molecular chain and the fast
crystal growth rate; as a result, the melt-crystallization peak appears in the DSC curves. Figure 2 also
displays the influence of PAID concentration on the crystallization process of PLLA, it is found that,
with increasing of PAID concentration, the melt-crystallization peak shifts toward higher temperature,
and two important index parameters, namely the onset melt-crystallization temperature (7,.) and the
melt-crystallization peak temperature (7y.), increase from 136.8°C and 132.2°C to 139.4°C and 135.2
°C, respectively. This result implies that a higher PAID loading can promote the crystallization to occur
in a higher temperature region. In this study, 3 wt% PAID exhibits the better nucleation effect for PLLA’s
crystallization than other PAID concentration. Additionally, the temperature gap between 7, and Ty can
effectively reflect the crystallization rate of semi-crystalline polymers; generally, the smaller the
temperature gap is, the faster the crystallization rate is. Through the analysis of the temperature gap of
PLLA/PAID sample, it is clear that the temperature gap decreases from 4.6°C to 4.2°C with increasing
of PAID concentration from 0.5 wt% to 3 wt%, showing that a larger amount of PAID causes the PLLA
to possess a faster crystallization rate. As far as the melt-crystallization enthalpy is concerned, the
PLLA/1%PAID sample exhibits the largest melt-crystallization enthalpy of 49.3 J/g comparing with the
45.0 J/g for PLLA/0.5%PAID, 48.8 J/g for PLLA/2%PAID and 48.9 J/g for PLLA/3%PAID. However,
according to the relevant crystallinity calculation equation [36], the ccrystallinity of PLLA/0.5%PAID,
PLLA/1%PAID, PLLA/2%PAID, PLLA/3%PAID are 48.6%, 53.5%, 53.5% and 54.2%, respectively.
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Figure 2. Melt-crystallization DSC curves
of the pure PLLA and PLLA/PAID at a cooling rate of 1°C/min

For the practical injection molding, the crystallization is often expected to occur at a faster cooling
rate. Thus, investigating on the melt-crystallization behavior of PLLA/PAID at a faster cooling rate is
very constructive to practical production, which can also further demonstrate the nucleation ability of
PAID for PLLA crystallization. Figure 3 shows the melt-crystallization DSC curves of PLLA/PAID
samples from the melt of 190°C at different cooling rates. For a given PLLA/PAID sample, it is a fact
that, with increasing of cooling rate, a wider melt-crystallization peak located at a lower temperature
appears in DSC curve, the reason may be that at low cooling rate there is more time to overcome the
nucleation barrier, in contrast, at high cooling rate nuclei become active at lower temperatures [37].
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However, the crystallization of PLLA/2%PAID and PLLA/3%PAID samples is still able to be
accelerated upon the fast cooling at 50°C/min, identifying the advanced nucleation ability of PAID for
PLLA’s crystallization again. This result may be instrumental to the practical manufacturing.
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Figure 3. Melt-crystallization DSC curves of PLLA/PAID samples
at different cooling rates

Besides the cooling rate, the influence of the set final melt temperature (77) on the crystallization
process of PLLA is also further investigated by DSC. Figure 4 gives the melt-crystallization DSC curves
of PLLA/PAID samples from the 180 or 200°C at a cooling rate of 1°C/min. Whether the Ty is 180 or
200°C, the Toc, Tme and melt-crystallization enthalpy of a given PLLA/PAID sample are larger comparing
with the relevant data obtained from the melt-crystallization from 7y of 190°C. In particular, when the 77
is 200°C, the melt-crystallization peak appears in the highest temperature region in DSC curve,
indicating that the 7y0f 200 °C is highly favourable for the crystallization process of PLLA/PAID sample,
because the solubility of organic nucleating agent in PLLA is strongly influenced by the 7[34], and the
higher 77 can cause more PAID to be dissolved in PLLA matrix, resulting in a better compatibility of
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PAID with PLLA, as well as in better intermolecular interaction. This interaction of PLLA with PAID is
a critical factor to promote the crystallization, becasuet the interaction can promote the PLLA molecular
chain to attach to PAID surface. But a decrease of undissolved PAID must lead to a drop in nuclei, and
the ultimate crystallization depends on the undissolved PAID and the interaction of PLLA with PAID.
Under this circumstance, compared to a decrease of nuclei, the interaction presents a more important
role in the promoting crystallization of PLLA.
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Figure 4. Melt-crystallization DSC curves of PLLA/PAID samples from
the Trat a cooling rate of 1 °C/min

However, when the Tris 170 °C, the undissolved PAID exhibits a greater effect on the crystallization
process of PLLA (Figure 5), because a melt-crystallization peak with a higher temperature location and
height appears in DSC curve. That is, the T, and Ty increase about 5~10 °C, respectively, even the 7o
is very close to 150 °C, which is about 5°C higher than the theoretical upper temperature of crystallization
(the theoretical upper temperature is often 0.85 time of the melting temperature, and the melting
temperature is about 165~170°C in this study, see the melting behavior section). Moreover, the
temperature gap between 75, and T becomes smaller, even the temperature gap of the PLLA/3%PAID
sample is only 0.4°C, showing a very fast crystallization rate. Additionally, the melt-crystallization
enthalpy is up to 56.8 J/g, the crystallinity is 63.0%.
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Figure 5. Melt-crystallization DSC curves of PLLA/PAID
samples from the 7rof 170 °C at a cooling rate of 1 °C/min

In the above section, it is hypothesized that there exists an intermolecular interaction between PLLA
and PAID. In order to confirm this hypothesis and propose probable nucleation mechanism of PAID for

PLLA crystallization, a preliminary theoretical analysis was performed via DMol3 calculation of MS
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software, and the optimized geometry structure and frontier orbital energy of the PAID and PLLA with
repeating units were obtained (Figure 6). The detailed HOMO and LUMO of PAID are -0.2011 eV and
-0.099 eV; the HOMO and LUMO are -11.082 eV and 0.251 eV for PLLA. According to the frontier
orbital theory, the LUMO-HOMO energy gap between LUMO of PAID and HOMO of PLLA is 10.983
eV, which is smaller than 11.333 eV of LUMO-HOMO energy gap of PLLA itself, showing that the
PLLA and PAID interact more easy at intermolecular level during the melting blend process. Through
the further analysis of PLLA and PAID molecular structure, it is thought to be that the interaction
probably appears at the C=0 of PLLA and N-H of PAID, and this chemical interaction may be expected
to be the nucleation mechanism of PAID for PLLA. This conclusion has to be confirmed by further work.

/

HOMO d

LUMO PLLA
Figure 6. Frontier orbital energy of PAID and PLLA

Cold-crystallization behavior

Figure 7 gives the cold-crystallization processes of PLLA/PAID samples from 40°C at different
heating rates. When the heating rate is 1°C/min, an increase of PAID concentration has an inhibition
effect on the cold crystallization process of PLLA, because the cold-crystallization peak shifts toward
the lower temperature. For cold-crystallization process, a large amount of nuclei from PLLA self-
homogeneous nucleation and PAID heterogeneous nucleation supply the very fast nucleation rate. In this
case, the crystal growth is the rate-determining step. Unfortunately, a larger amount of PAID often
exhibit a higher negative effect on the mobility of PLLA molecular chain as reported [38], resulting in
that it takes more time to complete the crystallization, and the formed peaks are flatter. According to the
aforementioned process, the formed crystals relatively become more prefect because of a longer
crystallization time, and this speculation is proved by the subsequent melting process. That is to say, the
melting temperature appears at higher temperature with increasing of PAID concentration, because the
higher melting temperature often means the more prefect crystals, and this effect only depends on the
PAID concentration. In addition, as seen in Figure 7, for a given PLLA/PAID sample, an increase of
heating rate leads to a shift toward the high temperature, the reason is thought to be the thermal inertia.
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Figure 7. Cold-crystallization DSC curves of PLLA/PAID samples
at different heating rates
Melting behavior

As aforementioned, the addition of PAID significantly changes the crystallization behavior of PLLA.
Undoubtedly, the melting process of PLLA was also affected by the PAID, because the melting behavior
of semi-crystalline polymer is closely related to the crystallization. Figure 8 gives the melting processes
of all PLLA/PAID samples at a heating rate of 2°C/min and 10°C/min after the melt-crystallization upon
cooling of 1 °C/min. It is clear that there exists only single melting peak in all DSC curves, indicating
that the crystallization has almost been completed in cooling, and there are almost no new crystals
formed during heating. With increasing of the heating rate, the melting peaks become wider, which is
still attributed to the thermal inertia. In other words, an increase of the heating rate gives no enough time
for the crystals to melt at set temperature, and so the melting only occurs at higher temperature.
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In theory the crystallization of semi-crystalline polymer can occur in the temperature region from the
glass transition temperature to the melting temperature. Selecting the suitable temperature, which can
ensure the optimum growth rate in presence of PAID, is very important to rapidly complete
crystallization. Thus, the melting processes of PLLA/PAID samples after the adequate isothermal
crystallization at different crystallization temperatures was studied (Figure 9). As shown in Figure 9,
DSC curve only exhibit the single melting peak. On the hand, the undissolved PAID and enough time
make the crystallization be completed; on the other hand, the excellent molecular chain mobility in
heating causes the crystal growth to become more difficulty. Thus, the single melting peak appears in
DSC curve. Additionally, with increasing of crystallization temperature, the melting peak of a given
PLLA/PAID sample moves toward the higher temperature, the probable reason is that the PLLA
molecular chain has the better mobility in the higher temperature, and the crystals can be fully grown to
obtain the relatively perfect crystal, especially in the case of full crystallization. As a result, the
corresponding melting peak appears at higher temperature. However, an increase of crystallization
temperature also makes the melting peak become wider, meaning the widening of melting range. The
high mobility of PLLA molecular chain is instrumental in crystal growth, but the high mobility also may
lead to the larger difference in crystal size.
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Figure 9. Melting processes of PLLA/PAID samples after
isothermal crystallization at different temperatures for 180 min
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Thermal stability

If the introduction of PAID seriously decreased the thermal decomposition temperature under air, the
PAID-nucleated PLLA products do not have usefulness. Figure 10 shows the TGA curves of PLLA/PAID
samples from 40 to 650°C at a heating rate of 5 °C/min. All PLLA/PAID samples similar to the pure
PLLA have only one thermal decomposition stage in TGA curves, meaning that the thermal
decomposition profile of PLLA is not dramatically changed. Two probable reasons are used to explain
this result: the excellent compatibility of PAID with PLLA and the low dosage of PAID. However, the
presence of PAID in PLLA resin slightly decreases the onset thermal decomposition temperature (7%q),
and the T,s at 341.3°C, 335.1°C, 334.9°C, 336.0°C and 335.0°C is relevant to the pure PLLA,
PLLA/0.5%PAID, PLLA/1%PAID, PLLA/2%PAID and PLLA/3%PAID, respectively. Compared to the
T,a of the pure PLLA, the minimum 75,4 of PLLA/PAID is 334.9 °C, and the maximum difference is only
6.4°C, which can meet the application requirement in terms of thermal stability. However, among the
PLLA/PAID samples, the T, exhibits irregular trend with increasing of PAID concentration, moreover,
the difference in 7,4 is very tiny. This effect depends on the two factors of the PAID concentration and
intermolecular interaction, the introduction of PAID with low T,s decreases the T,s of PLLA/PAID
sample, but the existence of this intermolecular interaction can prevent the decrease of 7,4, because this
intermolecular interaction is firstly destroyed in heating [39, 40].
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Figure 10. TGA curves of PLLA/PAID samples

Mechanical properties

A comparison on the mechanical properties of the pure PLLA and PLLA/PAID samples is shown in
Figure 11. With the addition of PAID, the elongation at break continuously decreases from 6.9 to 3.9%,
this effect may depend on the rigidity of organic small molecule PAID itself and the crystallization
promoting role of PAID for PLLA, because an increase of the rigidity and crystallinity can cause the
PLLA to become more brittle. For the tensile strength, although the tensile strength exhibits a downward
trend with a higher loading level of PAID in PLL A matrix, all PLLA/PAID samples have a larger tensile
strength than the pure PLLA, and the PLLA/0.5%PAID sample has the maximum tensile strength value
of 60.9 MPa, which is about 1.5 times with respect to the pure PLLA.
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Figure 11. The elongation at break and tensile strength
of the pure PLLA and PLLA/PAID sample
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4.Conclusions

In this work, the crystallization accelerating effect of PAID for PLLA was confirmed via the melt-
crystallization process, and when the 7y was 190°C, the 3 wt% PAID had the best nucleation promoting
ability for PLLA, even the 7. is almost close to the 140°C upon the cooling of 1°C/min. Although an
increase of cooling rate weakened the crystallization promoting ability of PAID, the PLLA/PAID sample
could still accelerate the crystallization speed of PLLA upon fast cooling at 50 °C/min. Additionally, the
Ty exhibited a complicated effect on the melt-crystallization of PLLA, because this effect depended on
the compatibility of PLLA with PAID and undissolved PAID; and the PLLA/PAID sample had the best
crystallization ability when the 7ywas 170°C. The frontier orbital energy calculations of PLLA and PAID
implied that the nucleation mechanism of PAID for PLLA was attributed to the intermolecular
interaction. However, the addition of PAID exhibited the negative effect on the cold-crystallization
behavior of PLLA because of PAID’s hindrance of the mobility of PLLA molecular chain. The difference
in melting behavior of PLLA/PAID samples could adequately reflect the heating conditions and the
previous crystallization derived from the melt-crystallization process and isothermal crystallization.
Compared to the pure PLLA, the presence of PAID in PLLA resin only led to a slight decrease in 7o,
and maybe this result can further confirmed the existence of the intermolecular interaction between
PLLA and PAID. As well as the PLLA/PAID sample had the higher tensile strength, but the PLLA
containing a larger amount of PAID exhibited a consecutive decrease in the elongation at break.

Additionally, more in-depth works, including the effect of PAID on the size of the crystals, nucleation
mechanism and the minimum amount of undissolved PAID in PLLA matrix, need to be conducted in a
future study to thoroughly reveal the role of PAID.
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