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Abstract: Melt processing poly(L-lactide) (PLLA) with a nucleating agent has been thought to be one of
the most effective route to enhance PLLA's crystallization and heat resistance. In the current work, a
newly-developed organic nucleating agent named N, N'-bis(2-picolinyl) 1, 4-naphthalenedicarboxylic
acid dihydrazide (NCAPH) was synthesized to investigate its effects on PLLA’s crystallization and
melting behaviors. Itis proved that NCAPH as an organic crystallization nucleating agent could provide
large number of crystallization nucleation sites to improve PLLA’s crystallization, as observed from
DSC and POM measurements. The result from melt-crystallization processes further showed that the
final melting temperature and cooling rate were two important factors for affecting PLLA’s melt-
crystallization behaviors in cooling, and the theoretical calculation result of frontier orbital energy
indicated there existed probable intermolecular interaction between N-H of NCAPH and C=0 of PLLA,
which was proposed as nucleation mechanism of NCAPH for promoting PLLA’s crystallization. The
melting behaviors of PLLA/NCAPH after non-isothermal crystallization or isothermal crystallization
further confirmed the positive effects of NCAPH and NCAPH'’s loading for the crystallization of PLLA,
meantime, the melting behaviors depended on the heating rate, crystallization temperature,
crystallization time, etc.
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1. Introduction

The significant amount consumption of fossil fuel resources and serious "white pollution” problem
are increasing the interest in biodegradable plastics like poly(L-lactide) (PLLA), polycaprolactone
(PCL) and polyhydroxyalkanoates (PHA), and usage of these biodegradable polymers as substitutes for
petroleum-based plastics can effectively solve the plastics pollution problem. Nowadays, in term of
production capacity and application, PLLA is thought to be one of the most promising biodegradable
polymer because of its renewable origin [1], high transparency [2], excellent thermoplastic process-
ability [3], excellent mechanical strength and low in cost comparable to petroleum-based polymers [4],
as well as excellent biodegradability and biocompatibility [5]. Moreover, with growing demand for
biodegradable sustainable materials, the industry leadership of PLLA has been continuously
strengthened. As a result, PLLA is applied in more various fields like textile [6], straw [7], temporary
plugging agent [8], drug carrier [9] and diverting agent [10], it is these new applications that further
accelerate the improvement of PLLA’s capacity and application prospects.

Nevertheless, PLLA’s some inherent defects, including low vicat softening temperature of about
60°C [11], slow crystallization rate [4], brittleness [2] and low melt strength [12, 13], significantly hinder
its widespread adoption in daily life and industry. Adding nucleating agent, as one of the most efficient
and common way, can enhance PLLA’s nucleation process by lowering the surface energy barrier and
increasing nucleation sites, potentially addressing the aforementioned limits in heat resistance and
crystallization performance, because an increase of crystallinity must cause the modified PLLA to
possess higher heat resistance during manufacturing, and this is an important strategy for enterprises to
produce PLLA products with high heat resistance.
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Numerous nucleating agents, for example, hydrazide compounds [14-16], amide compounds [17-
19], clay [20-23], carbon nucleating agents [24-27], inorganic salt [28-30], have been used to enhance
PLLA’s melt nucleation rate. Especially nucleating agent with organic structure has huge demand in the
recent years owing to its designability of organic structure, relatively better compatibility with PLLA
matrix compared to inorganic nucleating agent, and increasing market share in PLLA nucleating agent
industry. Our and other research groups have developed and studied various organic nucleating agents
based on different organic molecular structures [31-38], as a typical example, Li et al [39] synthesized
a good nucleating agent named furan-phosphamide derived from furfurylamine and phosphorus
oxychloride, and upon the addition of 5 wt% furan-phosphamide in PLLA matrix, the half-time of
crystallization could decrease from 6.41 min to 1.27 min at crystallization temperature of 105 °C while
the crystallinity was increased to 50.0%. Non-isothermal crystallization of PLLA/furan-phosphamide
composites further showed that, with increasing of furan-phosphamide loading, PLLA/furan-
phosphamide composites had lower activation energy values, implying easier transformation for PLLA
chains from molten into crystallization. Even then, the nucleation effect of current nucleating agents for
PLLA still cannot reach nucleating aptitude of commercial nucleating agents for other polymers such as
polyethylene terephthalate, polyethylene and polypropylene, as a result, a considerable number of
organic nucleating agents with different structures need to be constructed to systematically explore the
key structure and its structure-activity relationship affecting PLLA’s crystallization which is one basic
issue to develop new efficient organic nucleator. For this, an organic low molecular compound N, N'-
bis(2-picolinyl) 1, 4-naphthalenedicarboxylic acid dihydrazide (designated in the current work as
NCAPH) was employed to service as a new organic nucleating agent for the crystallization of PLLA,
and the modified PLLA with various NCAPH loading from 0.5 to 3 wt% were fabricated using the melt
blending technology, and then a comparative study on crystallization behaviors of the virgin PLLA and
NCAPH-nucleated PLLA were evaluated through DSC and POM measurements; and then the various
melting behaviors of the NCAPH-nucleated PLLA, including influences of the crystallization time,
heating rate and crystallization temperature, were studied in detailed. This study is significant to further
broaden the category of PLLA nucleating agent and reveal the related nucleation mechanism.

2. Materials and methods
Reagents and materials

NCAPH in the current work was prepared in our lab, and the main reagents for synthesizing NCAPH,
including 2-picolinyl hydrazide, N, N-dimethylformamide, 1, 4-naphthalenedicarboxylic acid and
thionyl chloride, were purchased from Shanghai Titan Scientific Co., Ltd, China. PLLA named 4032D
produced by Nature-Works LLC was obtained from Dansheng Plastic, China.

Synthesis of NCAPH

NCAPH’s synthesis pathway is shown in Figure.1. The synthetic procedure is similar to that of other
compounds reported by our research group [32, 40], and there are two main reason steps, they are
acylation and amination reaction. The resulting NCAPH is characterized by *H Nuclear Magnetic
Resonance (*H NMR) and Fourier Transform Infrared Spectrometer (FT-IR), the detailed
characterization data are as follows: FT-IR (KBr) v: 3379.9 cm™ (the stretching vibrations absorption of
N-H), 3257.7 cm™ (C—H stretching vibration of 2-pyridine), 1678.1 cm™ (the stretching vibration
absorption of C=0 which is near naphthalene), 1652.4 cm™ (the stretching vibration absorption of C=0
which is near 2-pyridine), 1590.7, 1570.3, 1490 and 1464.1 cm™ (the vibration absorption of C—C of
naphthalene and pyridine), 1515.6 cm™ (N-H bending vibration absorption), 1328.7 cm™ (the mixed
absorption about bending vibration of N-H and stretching vibration of C-N), 1140.7 cm™* (the stretching
vibration of C—H of naphthalene), 998.5 cm™ (the stretching vibrations absorption of C—C which located
in C=0 and naphthalene), 859.2 cm™ (the out-of-plane bending vibration absorption of C-H of
naphthalene). *H NMR (400 MHz) &: ppm; 11.04 (s, 1H, NH), 10.72 (s, 1H, NH), 8.84~9.30 (m, 4H,
Py), 8.47~8.50 (m, 1H, Naphth), 7.69~7.76 (m, 2H, Naphth) ).
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Figure 1. The schematic representation of the NCAPH synthesis pathway

Additionally, the geometry optimization of NCAPH was further performed by DMol3 modules, and
the optimized geometry and electron density are presented in Figure 2. As exhibited in Figure 2, the
amide group of NCAPH exhibits a relative low electron density, implying that, in comparison to other
groups of NCAPH, the amide group maybe easy to interact with the high electron group from other
molecule.

Figure 2. Optimum geometry and electron
density of NCAPH

Preparation of PLLA/NCAPH

The virgin PLLA pellets and NCAPH were further dried at 45°C under vacuum for 24 h before
melting blend. After that, the NCAPH was ground to ensure relatively good dispersion in PLLA, and
then blends of NCAPH and PLLA were carried out in a counter-rotating mixer at 190°C with a 32 rpm
rotor speed for 5 min and 64 rpm for 5 min. The modified PLLA with various amounts of NCAPH (the
loading is 0.5 wt%, 1 wt%, 2 wt% and 3 wt%, respectively) were prepared. All PLLA/NCAPH were
then converted into sheets by hot pressing at 20 MPa and 190°C for 5 min, and cool pressing at room
temperature in square mold with a thickness of 0.4 mm. The virgin PLLA was also processed in the
same way to obtain a reference material.

Characterization and test

NCAPH'’s structural characterization: NCAPH’s molecular structure was determined by IS50 FT-
IR (Thermo Fisher Scientific, USA) and *H NMR (Bruker, USA). For FT-IR characterization, a small
amount of NCAPH powder was firstly blended with KBr, and then the mixture was ground to prepare
testing sample through tableting method, and the wavenumber of FT-IR test was set from 4000 cm™ to
400 cm™. For 'H NMR test, the dimethyl sulfoxide as deuterium reagent was selected to dissolve solid
NCAPH.
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Crystallization and melting behavior: Melt-crystallization processes and melting processes of the
virgin PLLA and PLLA/NCAPH were recorded by DSC (Q2000, TA Instrument, USA). For melt-
crystallization, a given tested sample was firstly heated to 180°C or 185°C or 190°C as different final
melting temperature, and held at the final melting temperature for 3 min to eliminate thermal history,
and then cooled at different rates, and the DSC curve was recorded to further analyze. For melting
behavior, a given PLLA/NCAPH sample was still heated to 190°C for 3 min to ensure that PLLA/
NCAPH crystals were melted completely, then the related melting process test was performed according
to the set testing procedure.

Polarization optical microscopy (POM): The crystal morphology and crystal growth of the virgin
PLLA and PLLA/NCAPH was observed using DPT200ia POM (UOP, China), and crystallization
temperature was at 130°C.

3. Result and discussions
Crystallization behavior

This study is aimed at evaluating the influence of NCAPH on PLLA’s crystallization, thus, the
nucleating aptitude of NCAPH was firstly examined via non-isothermal melt-crystallization process.
Figure 3 shows DSC cooling curves for the virgin PLLA and PLLA/NCAPH at a cooling rate of 1°C/min
from the melt of 190°C. As observed, the virgin PLLA exhibits no discernible melt-crystallization peak
in DSC cooling curve, showing its poor crystallization ability, which is thought to be because of the
intrinsically tardy movement of the chains [41]. By contrast, when NCAPH is added into PLLA, they
show different effects on PLLA’s melt-crystallization behavior, that is, any PLLA/NCAPH has a
remarkable and sharp exothermic peak, revealing that NCAPH could be used as an effective
heterogeneous nucleation site for the crystallization of PLLA. Additionally, PLLA/NCAPH exhibits
different melt-crystallization behaviors as NCAPH loading increased from 0.5 wt% to 3 wt%, meaning
that NCAPH loading is an important factor for affecting PLLA’s melt-crystallization. As seen in Fig.3,
the melt-crystallization peak becomes sharper and shifts to the high-temperature side with increasing of
NCAPH loading, indicating that a relative high NCAPH loading is beneficial for crystallization of
PLLA, because the sharper melt-crystallization peak often represents the faster crystallization rate, the
appearance of melt-crystallization peak located at higher temperature often also means better nucleation
effect [42]. Specifically, as seen in Table 1, upon the addition of 2 wt% NCAPH, the onset crystallization
temperature (To) has the highest value of 139.5°C, and the difference (AT) between T, and the
crystallization peak temperature (Tp)is the minimum value of , as well as the crystallization enthalpy
(AH) has the maximum value of 48.5 J/g, showing that the crystallinity (Xc) of PLLA/2%NCAPH is
53.2% through the correlation equation [43].

However, it should be noted that, when NCAPH loading increases to 3 wt%, the non-isothermal
melt-crystallization peak with a greater width shifts toward low-temperature side, which implies that an
overdose of NCAPH loading have an inhibition for PLLA’s non-isothermal melt-crystallization
behavior, because an overdose of NCAPH loading blocked the mobility of PLLA molecular chain in
cooling, further leading to slow crystal growth, which is also the main reason for wide melt-
crystallization peak in DSC curve.
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Figure 3. Melt-crystallization DSC curves of the
virgin PLLA and PLLA/NCAPH at 1°C/min in cooling
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Table 1. DSC date of PLLA/NCAPH at 1°C/min in cooling

Sample Tol °C Tpl °C AT /°C AH/ J-g*t Xl %
PLLA/0.5% NCAPH 138.6 131.6 7.0 47.1 50.9
PLLA/1% NCAPH 139.2 135.1 4.1 46.9 50.9
PLLA/2% NCAPH 139.5 135.8 3.7 48.5 53.2
PLLA/3% NCAPH 139.0 134.9 4.1 47.7 52.9

Figure 4 and Figure 5 show effects of different cooling rates and final melting temperatures (Tr) on
PLLA’s melt-crystallization processes in cooling, respectively. As seen in Figure 4, the influence of
NCAPH loading on PLLA’s melt-crystallization cannot almost depends on the cooling rate, however,
for any given PLLA/NCAPH, an increase of cooling rate leads to a wider non-isothermal melt-
crystallization peak located at lower temperature, especially the melt-crystallization peak exhibits
significant difference in peak width when increasing cooling rate from 2.5 to 5°C, indicating that the
cooling rate is another key factor for affecting PLLA’s melt-crystallization process, similar phenomena
can be easily found in literatures [44, 45], and this result is considered to be caused by the following
reason: at a relative slow cooling rate, there is sufficient time for the activation of the nuclei at a higher
temperature; on the contrary, at a faster cooling rate, there is inadequate time for the activation of the
nuclei [46], finally the crystallization only occurs at a low temperature. Additionally, as the cooling rate
increases, the crystal growth takes more time to complete, resulting in wide melt-crystallization peak.
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Figure 4. Non-isothermal melt-crystallization of PLLA/NCAPH
at different cooling rates in cooling
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Although Ts is different, the influence trend of NCAPH loading on non-isothermal melt-
crystallization behavior of PLLA is consistent as shown in Figure 5. For a given PLLA/NCAPH, the
different Tr can cause the melt-crystallization peak to appear in different temperature region. Through
observation, it is found that, when Tt is 185°C, the non-isothermal melt-crystallization occur fastest and
the non-isothermal melt-crystallization peak is also the sharpest, that is to say, 185°C is the optimum Ts
comparing with other T of 180°C or 190°C, which may result from the competitive relationship between
dissolved NCAPH and undissolved NCAPH, on one hand, a relatively small amount of NCAPH must
be dissolved in PLLA resin, when PLLA/NCAPH is melted at T, and these dissolved NCAPH can
enhance the interaction between PLLA and undissolved NCAPH, which is be beneficial for PLLA
molecular segment to adhere to undissolved NCAPH surface to accelerate crystallization, and this effect
becomes more significant as dissolved NCAPH concentration increases; However, on the other hand, an
increase of dissolved NCAPH loading must lead to a drop in undissolved NCAPH concentration which
determines nucleation density in PLLA matrix.
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Figure 5. Non-isothermal melt-crystallization of PLLA/NCAPH at
1°C/min in cooling from different Ts

EXO
EXO

The crystal morphology of PLLA containing 0.5 wt% NCAPH was compared with that of the virgin
PLLA through POM. POM images of the virgin PLLA and PLLA/0.5%NCAPH during isothermal
crystallization process at 130°C was displayed in Figure 6. It is very clear that the virgin PLLA exhibited
typical spherulite structure in Figure 6, and that the spherulite density is still very small after isothermal
crystallization for 300 s. In contrast, PLLA/0.5%NCAPH can exhibit higher spherulite density after
isothermal crystallization for only 90 s, further proving that NCAPH has efficient nucleation capability
for PLLA’s crystallization. During the crystallization’s latter stages, the spherulite number further
increases and spherulite size also becomes larger, but POM image shows that spherulite of the virgin
PLLA cannot still pervade the entire image after crystallization for 600 s, showing the virgin PLLA’s
poor crystallization ability again. For PLLA/0.5%NCAPH sample, the spherulites impinge on their
neighbors, and the spherulites form structures that pervade the entire image. In addition, it can be
observed that the virgin PLLA’s spherulite size is much larger than PLLA/0.5%NCAPH, the reason is
that the spherulites are fully grown in space, when spherulite density is relative low.
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(a) (b)

PLLA/0.5%NCAPH after crystallization at 130°C
(a: the virgin PLLA, b: PLLA/0.5%NCAPH)

The epitaxial nucleation and chemical nucleation are often used to explain nucleating agent’s effect
mechanism for polymer crystallization [47], for the current study, a theoretical calculation is performed
to speculate the probable nucleation mechanism. Figure 7 is the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO) of NCAPH and PLLA with ten units,
respectively; and LUMO energy and HOMO energy of NCAPH are -0.110839 eV and -0.19941 eV, and
LUMO energy and HOMO energy are 0.251 eV and -11.082 eV for PLLA. It is a fact that the energy
gap between LUMO of NCAPH and HOMO of PLLA is lower than the LUMO-HOMO of PLLA itself.
According to the frontier orbital theory, a smaller energy gap between LUMO and HOMO often means
that the electron transition from HOMO to LUMO becomes easier, implying that the PLLA’s HOMO
electron easier flows to NCAPH’s LUMO, especially when PLLA and NCAPH are melt blended, under
this circumstance, PLLA and NCAPH have high molecular activity. Additionally, according to
NCAPH’s electron density (Figure 2), the intermolecular interaction is presumed to occur at N-H of
NCAPH and C=0 of PLLA, which is proved by other research group [48].
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Figure 7. The frontier orbital of NCAPH and PLLA

Melting behavior

Figure 8 shows DSC thermograms at different heating rates that corresponded to the rates of non-
isothermal melt-crystallization at different cooling rates. When the rate is 1°C/min, the double melting
peaks are observed for only PLLA/0.5%NCAPH, however, the double melting peaks are observed for
all PLLA/NCAPH as the rate increases, and the double melting peaks shift slightly to lower temperature
side along with an increase in the rate, as well as melting peak significantly become wide. On one hand,
this resultant reflects melt-crystallization before subsequent melting procedure, because a relative low
cooling rate can promote PLLA/NCAPH’s crystallization as seen in Figure 4, and the crystallization can
be completed as far as possible in cooling when enough NCAPH loading can ensure high nucleation rate
of PLLA, whereas the crystallization of PLLA with a small amount of NCAPH is insufficient in cooling,
as a result, the double melting peaks appear in heating DSC curves. On the other hand, for cooling
procedure or heating procedure, there is no enough time to form crystal with increasing of rate, which
results in a shift toward low temperature side of melting peak, because the PLLA’s melting temperature
is directly correlative with perfection of crystal, usually, the higher the perfection of crystal is, the higher
the melting temperature is. Furthermore, it is also observed form Figure 8 that the area ratio between
low-temperature side melting peak and high-temperature side melting peak become small as the rate
increased from 2.5°C/min to 10°C/min, showing that the rate is an key factor for both melt-crystallization
and melting behavior.
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Figure 8. DSC thermograms of PLLA/NCAPH at different heating rates
that corresponded to the rates of melt-crystallization at different cooling rates
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Figure 9. Melting behaviors of PLLA/NCAPH at 10°C/min in heating after
isothermal crystallization at different crystallization temperatures for different time
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The melting behaviors of PLLA/NCAPH after isothermal crystallization was also studied by DSC.
DSC thermograms of PLLA with various NCAPH loading at a heating rate of 10 °C/min after isothermal
crystallization at 125°C, 130°C and 135°C for different time (60 min, 120 min and 180 min) were shown
in Figure 9. When the crystallization time is higher than 60 min, the influence of crystallization time on
DSC melting curve of a given PLLA/NCAPH with the same crystallization temperature is negligible as
shown in Figure 9, meaning that 60 min is enough time to complete PLLA’s crystallization at related
crystallization temperature. However, a higher crystallization temperature can make the melting peak
slightly moves toward the higher-temperature side, the probable reason is that a relative high
crystallization temperature can cause PLLA crystal to grow more perfect.
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As aforementioned, the heating rate affected PLLA/NCAPH’s melting behaviors, further the
influence of the heating rate on PLLA/NCAPH’s melting process after sufficient crystallization was also
investigated as shown in Figure 10. In view of the resultant of Figure 9, the crystallization time in this
section was set to 180 min to ensure PLLA’s sufficient crystallization as far as possible. When the
heating rate is 1°C/min, double melting peaks can be clearly observed in DSC curves; and apart from
PLLA/0.5%NCAPH, other PLLA/NCAPH samples have the same melting points of high-temperature
side melting peak or low-temperature side melting peak at the same test level, showing that the melting
temperature is irrelevant with NCAPH loading to some extent. However, when the heating rate is higher
than 1°C/min, double melting peaks can appear only when the crystallization temperature is 125°C and
the heating rate is 2.5°C/min, suggesting that the crystallization cannot still sufficiently complete at a
relative low crystallization temperature, although the crystallization time is enough long, additionally, a

slow heating rate is also beneficial for recrystallizing during the heating.
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Figure 10. DSC Melting curves of PLLA/NCAPH at different heating
rates after crystallization at different temperatures for 180 min

5 °C/min

4. Conclusions

NCAPH was developed to evaluate its influence on PLLA’s crystallization and melting process
through DSC and POM tests. The melt-crystallization indicated that the virgin PLLA’s crystallization
ability was very poor, whereas the introduction of NCAPH significantly enhanced crystallization ability
of PLLA, which be proved via the appearance of sharp crystallization peak in cooling. And for melt-
crystallization behaviors, the cooling rate and Tr were two other key factors for affecting PLLA’s melt-
crystallization process, and the crystallization ability of a given PLLA/NCAPH was weakened as cooling
rate increased; and through comparative analysis, it is found that 185°C was the optimum Tz, because the
sharpest melt-crystallization peak appeared in cooling DSC curve. Additionally, POM testing results
further confirmed crystallization promoting effect of NCAPH for PLLA due to a large increase in
spherulite density per unit volume. This influence of NCAPH for PLLA’s crystallization was attributed
to chemical nucleation via the primary theoretical analysis. For PLLA/NCAPH’s melting process, the
difference in melting behavior resulted from the effects of the crystallization time, heating rate and
NCAPH loading after crystallization, because these influence factors changed PLLA’s crystallization,
hence the final melting behavior must depend on the crystallization.
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