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ABSTRACT

A new category of nucleating agent for poly(L-lactic acid) (PLLA) was developed. An organic nucleating agent; N,N’-bis(benzoyl)
suberic acid dihydrazide (NA) was synthesized from benzoyl hydrazine and suberoyl chloride which was deprived from suberic
acid via acylation. The nucleation, melting behaviour and mechanical properties of the PLLA containing NA were investigated.
NA showed excellent nucleating effects on PLLA crystallization. Compared to the neat PLLA, with the addition of 0.8 % NA, the
crystallization temperature (T,) increase from 105.88 °C to 125.57 °C and the crystallization enthalpy(AH,) increase from 1.379] g™
to 31.63 ] g™ at a cooling rate of 1 °C min™ from melt. In the presence of NA, the melting behaviour of PLLA was affected signifi-
cantly, and a double-melting peak resulted during melting-recrystallization. The tensile strengths and tensile modulus increase
with the increase of NA content and possesses a maximum value for the critical NA loading of 0.8 %. However, the elongations at

break of the samples decreased significantly.
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1. Introduction

With the increasing public attention to environmental problems,
research of biodegradable polymers has gained considerable
momentum in recent years'”. Usually, PLLA is produced from
renewable resources such as maize, potato, and so on*, generally
with lower energy consumption than synthetic polymers.
Biopolymer are also generally non-toxic to the environment’.
However, until now, PLLA still has some disadvantages. For
instance, slow crystallization rate, low crystalline degree and
poor heat resistance of PLLA has restricted its practical applica-
tions. Thus, it is necessary to improve PLLA to make it fully
competitive with commercial thermoplastics.

Usually, the most viable method of increasing the overall
crystallization rate is to use a nucleating agent. Talc is often
chosen as a nucleating agent for PLLA. It has been shown that
talc nucleates the crystallization of polymers through an
epitaxial mechanism®. Kolstad studied the crystallization behav-
iour and the morphology of poly (L-lactide-co-meso-lactide)
and poly (L-lactide-co-meso-lactide)/Talc composites’. His work
has shown that there is a strong increase in nucleation density
with the addition of talc in poly (L-lactide-co-meso-lactide).
Tianyi's work showed that the overall crystallization rate of
PLLA increased with an increasing content of talc®. Although a
large amount of work has been done to improve the crystalliza-
tion of PLLA by addition of inorganic fillers, inorganic fillers are
not always the most efficient when compared with chemical
nucleating agents’.

Thus, in this study, we use an advanced route to synthesis
N, N'-bis(benzoyl) suberic acid dihydrazide(NA) with high yield
and shorter reaction time. PLLA/NA samples were prepared by
melt blending and a hot-press forming process. The nucleating
effect of NA on PLLA was evaluated. The melting behaviour and
mechanical properties of the materials were examined.

* E-mail: caiyh651@yahoo.com.cn

2. Experimental

Poly(L-lactic acid) (PLLA) was purchased from Nature Works
LLC, USA. The other materials used in this study were of analyti-
cal grade (AR). Benzoyl hydrazine and Suberic acid were
procured from Beijing Chemical Reagents Company and
Chengdu Kelong Chemical Reagents Company respectively.
N, N-dimethylacetamide, thionyl dichlorideand and pyridine
were procured from Mianyang Rongshen Chemical Reagents
Company.

2.1. Synthesis of N, N'-bis(benzoyl) Suberic Acid
Dihydrazide (NA)

N, N’-bis(benzoyl) suberic acid dihydrazide was prepared as
shown in Fig. 1: 0.035 mol suberic acid, 50 mL thionyl dichloride
in the presence of N, N-dimethylacetamide as catalyst were
mixed, and the mixture was heated up to 80 °C, and held at 80 °C
for 12 h with stirring. After cooling to room temperature and
evaporation of thionyl dichloride in vacuum, the residue was
suberoyl chloride.

Benzoic hydrazide and 50 mL N, N-dimethylacetamide were
mixed, and the mixture was purged under a nitrogen atmo-
sphere. Suberoyl chloride was added slowly into the mixture,
followed by the addition of pyridine, and the mixture was
heated up to 60 °C, and held at 60 °C for 2 h with stirring.

The reaction mixture was poured into 300 mL water and
stirred, followed by filtrating. The crude product obtained was
washed with 300 mL water four times at room temperature,
and then washed with 300 mL methanol at 55 °C to eliminate raw
materials and by-products. The resulting product was dried in
vacuum at 65 °C. IR (KBr)v: 3390, 3215, 2930, 2854, 1691, 1647,
1604, 1574, 1498, 1468, 1415, 1321, 1245, 1150, 794, 692, 640 cm™;
"HNMR (DMSO, 500 MHz) 6: ppm; 10.29 (s, 1H, NH), 9.85 (s, 1H,
NH),7.48~7.88 (m, 5H, Ar), 2.18~2.21 (t, 2H, CH,), 1.56~1.59
(t, 2H, CH,), 1.35~1.36 (d, 2H, CH,).
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Figure 1 Synthesis of N, N’-bis(benzoyl) suberic acid dihydrazide.

2.2. Preparation of PLLA/NA Samples

PLLA was dried overnight at 50 °C under vacuum to remove
residual water. Blending of PLLA and dried NA was performed
on a counter-rotating mixer with a rotation speed of 32 rpm for
5min, then at 64 rpm for 5 min. The processing temperature was
set at 185 °C. Products were hot pressed at 180 °C under 20 MPa
for 3 min to prepare sheets with a thickness of approximately
0.4 mm. The sheets were then cooled to room temperature by
being compressed at room temperature under 20 MPa for
10 min. All the samples for crystallization studies were cut from
these films.

2.3. Characterization

2.3.1. Differential Scanning Calorimeter (DSC)

The non-isothermal crystallization behaviour of PLLA was
measured by DSC Q2000 (TA Instrumrnts-Waters LLC, USA).
The temperature and heat flow at different heating rate were cal-
ibrated using an indium standard. The sample was heated to
190 °C and maintained at that temperature for 5 min to make sure
that the polymer crystals were completely melted. The samples
were then cooled from the melt state to 20 °C at different cooling
rates (1, 2, 3, 10 °C min™). Lastly, the samples were reheated to
190°C at the heating rate of 10 °C min™ to observe the melting be-
haviour. The equilibrium melting temperature (T)) was
measured as follows: the sample was heated to 190 °C in heat
table and maintained at that temperature for 5 min. The sample
was then quenched from melt to the crystallization temperature
T, (100, 105, 110, 115, 120 °C) and held at that temperature for at
least 60 min to ensure complete crystallization. The samples
were then tranfered to the DSC Q2000 instrument and heated at
the heating rate of 10 °C min™' to record the melt endotherm.

2.3.2. Wide Angle X-ray Diffraction (WAXD)

WAXD experiments were performed on a diffractometer
(D/MAX2550, Rigaku, Japan) using Cu K, radiation (wave-
length, 1.54 A) at room temperature in the range of 26 = 5-50 °
with scanning rate of 2 ° min™.

2.3.3. Tensile Testing

Dumbbell-shaped tensile test specimens with effective dimen-
sions of 25> mm X 6 mm X 1.0 mm were prepared by pneumatic-
controlled impact shaping machine. Normal tensile tests were
conducted on a D&G DX-10000 electronic tensile tester at the
speed of 50 mm min™ at room temperature. The tensile strength,
elastic modulus and elongations at break were obtained by
averaging over five specimens.

3. Results and Discussion

3.1. Nucleating Effect of NA

It is very important to investigate non-isothermal crystalliza-
tion to obtain the information useful for industrial applications
of PLLA. Figure 2 shows the DSC curves of the non-isothermal
crystallization from melt. As seen in Fig. 2, upon cooling at a rate
of 1°C min™, the crystallization peak of PLLA can almost not be
detected. This illustrates the very slow crystallization of neat
PLLA. With the addition of NA, the crystallization peak appears
in the DSC cooling curve. Compared to the neat PLLA, addition
of NAleads to a shift of the crystallization peak to higher temper-
ature indicating an increase in the crystallization temperature.
In addition, the crystallization peak of PLLA containing NA
becomes much sharper in the cooling process. This result shows
that NA can serve as a nucleating agent for the crystallization
and increases the overall crystallization rate of PLLA. Usually,
the higher the temperature of the crystallization peak, the
greater the nucleating effect on PLLA crystallization is. This
results from the earlier formation of crystal nucleation during
the cooling process. Upon cooling rate at a rate of 1 °C min™, as
seen in Table 1, the crystallization temperature (T ) is dependent
on NA content and is highest upon the addition of 0.8 % NA.
Compared to neat PLLA, with the addition of 0.8 % NA, the
crystallization temperature (T,) increase from 105.88 °C to
125.57 C and the crystallization enthalpy(AH ) increase from
1379 g" to 31.63] g™
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Figure 2 DSC of PLLA and PLLA/NA crystallized from melt at a cooling
rate of 1 °min™".
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Figure 3 The equilibrium melting temperatures of pure PLLA and PLLA/NA samples.

Table 1 DSC date of PLLA/NA crystallized from melt at a cooling rate of
1°min™.

Sample T,/°C T,/ C T,/ C AH/J g
PLLA 105.88 96.28 149.37 1.379
PLLA/0.5 % NA 117.27 110.68 146.31 28.79
PLLA/0.8 % NA 125.57 118.24 148.15 31.63
PLLA/1 % NA 124.43 117.39 147.84 31.10
PLLA/2 % NA 121.70 116.29 147.95 29.94
PLLA/3 % NA 118.41 112.63 146.54 29.75

T, melting temperature; T, : crystallization peak temperature.

3.2. Equilibrium Melting

The equilibrium melting temperature of PLLA is higher than
that of all PLLA/NA samples, which indicate that the crystalliza-
tion of PLLA is more perfect, resulting from smaller spherulite
size and increased nucleating density. These results further
confirm that NA act as an effective heterogeneous nucleation
agent. The equilibrium melting temperatures of pure PLLA and
PLLA/NA samples were obtained using Hoffman-Weeks plots
(see Fig. 3) and the results are listed in Table 2.

Compared with the equilibrium melting temperature of PLLA,
PLLA/NA shows lower equilibrium melting temperatures and
the equilibrium melting temperature strongly depends on the
NA content. The equilibrium melting temperature of PLLA is
higher than that of all PLLA/NA samples, which indicate that the
crystallization of PLLA is more perfect, resulting from smaller
spherulite size and increased nucleating density. These results
further confirm that NA act as an effective heterogeneous nucle-
ation agent.

3.3. Melting Behaviour

3.3.1. PLLA/NA Melting Behaviour after Isothermal Crystallization
Figure 4 presents the melting endotherms of the PLLA/0.8%NA
sample after the appearance of the whole exothermic peak
during isothermal crystallization. Either single or double
endotherms were observed at T, temperatures ranging from 95
to 120 °C. The double-melting behaviour of PLLA has been
reported in literature, and assigned to melting-recrystallization

Table 2 Equilibrium melting temperatures of pure PLLA

and PLLA/NA samples.

Sample T/ C AT'/°C
PLLA 161.2

PLLA/0.5 %NA 161.1 0.1
PLLA/0.8 %NA 158.6 2.6
PLLA/1 %NA 159.7 15
PLLA/2 %NA 160.6 0.6
PLLA/3 %NA 160.9 0.3

AT/°C = T"C(PLLA) - T" °C(PLLA/NA)

m

by Yasuiwa'. The low-temperature melting peak is attributed to

the primary crystallites formed at T, and the high-temperature
melting peak reflect the relatively prefect lamella stacks result-
ing from recrystallization during the heating scan. At the same
time, as seen in Fig. 4, a double-melting peak exists atlow T .and
full crystallization time. This is due to a decrease in the
macromolecule segment active ability and the crystallization of
PLLA not being completed. The enhancement of the macro-
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Figure 4 PLLA/NA melting behaviour after isothermal crystallization at
different temperature.
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Figure 5 PLLA/NA melting behaviour after non-isothermal crystalliza-
tion.

molecule segment active ability improved the crystallization of
PLLA resulting in increased crystallization temperature. On the
other hand, the nucleating agent also increased the rate of
crystallization of PLLA. The low-temperature melting peak
gradually shifted to a higher temperature with increasing
crystallization temperature. In contrast, the high-temperature
melting peak shifted to a lower temperature. And the melting
endotherms with double-melting peaks changed to a single
endotherm. As seen in Fig. 4, the melting peak becomes much
sharper at 105 to 115 °C, which indicates much more prefect
crystallization of the PLLA. The low-temperature melting peak
gradually shifted to a higher temperature with increasing
crystallization temperature. In contrast, the high-temperature
melting peak shifted to a lower temperature. And the melting
endotherms with double melting peaks changed to a single
endotherm. As seen in Fig. 4, the melting peak becomes much
sharper at 105 to 115 °C, which indicates much more prefect
crystallization of the PLLA.

3.3.2. PLLA/NA Melting Behaviour after Non-isothermal
Crystallization

After non-isothermal crystallization from the melt at a cooling
rate of 1 °C min™, the melting behaviour of PLLA and PLLA/NA
samples were investigated. Figure 5 presents the DSC curves
recorded during the heating processes for heating scans of PLLA
and PLLA/NA samples with different NA contents. In addition
to the neat PLLA, all of the DSC curves show a single melting
peak at higher temperature. This is due to PLLA/NA forming
prefect crystals ata cooling rate of 1°C min™'. The PLLA/NA sam-
ples melts directly without the melt recrystallization process.
However, the crystallization of neat PLLA was very slow, PLLA
undergoing a melt recrystallization-remelting process upon
heating.

The effects of NA on the crystallization of PLLA were further
investigated by WAXD. Figure 6 shows the WAXD of PLLA and
PLLA/NA samples at a cooling rate of 1 °C min™. The WAXD of
the PLLA/NA samples are almost the same as those of the corre-
sponding neat PLLA. The PLLA exhibits a very strongest reflec-
tion at 20 = 16.6° due to diffraction from (110) planes and other
reflection peaks at 20 = 19.2° and 26 = 22.3° occurring from the
(203) plane and (205) plane, respectively. With increasing NA
content, the intensities of the strongest reflections (110) increases
and a weak peak at 14.8°, assigned to the (010) diffraction plane,
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Figure 6 WAXD patterns of neat PLLA and PLLA/NA samples cooling
from melt at 1 °C min™.

becomes evident. However, with the addition of more than
0.8 % NA, the intensities of the strongest reflections (110)
becomes weaker.

3.3.3. PLLA/NA Sample Melting Behaviour at Different Heating
Rates

The effects of NA on the melting behaviour of PLLA were further
investigated by DSC. Figure 7 shows the isothermal crystalliza-
tion of a PLLA/0.8%NA sample at different heating. With
increasing heating rate, the double melting peak degenerates
into a single melting peak and the high-temperature melting
peak existed in the form of a pulse. From Fig. 7 it is clear that
increasing heating rate leads to the shift of crystallization peak to
higher temperature. On the other hand, the increasing heating
rate made the degree of recrystallization of imperfect crystals
decrease. This is further confirmation that the double melting
peak results from melting-recrystallization.

3.4. Mechanical Properties

The tensile strengths, tensile modulus and elongation at break
of PLLA with different NA content are presented in Fig. 8(a),
Fig. 8(b) and Fig. 8(c), respectively. The figures show that NA can
improve the tensile strength and modulus of PLLA, that the
tensile strengths and tensile modulus increase with an increase
in NA contents and possesses a maximum value for the critical
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Figure 7 PLLA/NA sample melting behaviour at different heating rate.
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Figure 8 The mechanical properties of PLLA with different NA contents.
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with the neat PLLA, the tensile strength and modulus increase 1 Q. Cai, ]. Yang, J.Z. Bei and S.G. Wang Biomaterials, 2002, 23, 448.
from 74.4 MPa and 3592.8 MPa to 91.9 Mpa and 4580.9 Mpa, re- 2 J. Heller, A.P. Pharma and A. Domb, J. Adv. Drug. Rev., 2003, 55, 445.
spectively. The enhancement of the tensile strength and modu- 3 S.5. Ray and M. Bousmina, Polymer, 2005, 46, 12430.
lus of PLLA/NA is due to the increase of degree of crystallization ~ 4 A.Martorana and G. Paganett, Makrontol. Chern., 1992, 193, 1599.
of PLLA with nucleating agentN A.When continuing to increase 5 J.Tuominen,J. Kylmaand A..Kapanen, Biomacromolecules, 2002, 3,445.
the NA content, the tensile strength and modulus started to 6 S.O(Ii’;:uiesluzbor(;lzg? . IZ 45Dzaussm, AM. Jonas and R. Legras, Macro-
decrease. The elongations at break of the samples are shown in ’ o e
. his fi he eff ‘ . 7 ].J. Kolstad, J. Appl. Polym. Sci., 1996, 62, 1079.
Fig. 1(c). Fron.1 this figure the effect of adding NA can be seen g Ty ke and X.Z. Sun, J. Appl. Polym. Sci,, 2003, 89, 1203.
clearly and directly. NA can make PLLA become brittle. The g A M. Harris and E.C. Lee, J. Appl. Polym. Sci., 2008, 107, 2246-2255.

reason is that NA makes the degree of crystallization of PLLA
increase.

10 M. Yasuniwa, S. Tsubakihara and Y. Sugimoto, ]. Polym. Sci. Part B:
Polym. Phys., 2004, 42, 25.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AmazoneBT-Regular
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 250
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.09600
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 250
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00800
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00556
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [5952.756 8418.897]
>> setpagedevice


