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ARTICLE INFO ABSTRACT

Keywords: We report on the crystallization of poly(lactic acid) (PLA) films in the presence of a sorbitol-based nucleating
Poly(lactic acid) agent; 1,2,3-tridesoxy-4,6:5,7-bis-O-[(4-propylphenyl) methylene]-nonitol (TBPMN). Dispersion of the nucle-
Crystallinity

ating agent was performed by solution-mixing and melt-blending. Crystallization behavior was studied by dif-
ferential scanning calorimetry (DSC). The structure and morphology were characterized by wide-angle X-ray
scattering (WAXS), optical imaging, and atomic force microscopy (AFM). A significant impact of the nucleating
agent was observed at or above a threshold concentration of 2 wt%, which was assigned to the solubility limit of
TBPMN. The degree of crystallinity reached up to 39.6 % with 2 wt% TBPMN. An influence of the dispersion
method was observed on the peak temperature of crystallization (Tcp). While T, decreased slightly for solution-
mixed films, a sigmoidal trend was noted for melt-blended samples. Under isothermal conditions at 100 °C, the
crystallization half-time was lowered from 6.5 min to 1.0 min. Avrami analysis pointed to the formation of 2-
dimensional or 3-dimensional crystalline domains; WAXS data revealed a- and a’-crystals, depending on the
dispersing method. AFM imaging showed a nanosized fibrillar network of the nucleator within the PLA matrix,

Nucleating agents
Atomic force microscopy

demonstrating that TBPMN acted as a soluble self-assembly nucleator.

1. Introduction

Growing concerns about the environmental, economic, and health
impact of fossil-based polymers have driven intensive research on the
design, materials chemistry, and technology of biodegradable sub-
stitutes. Poly(lactic acid) (PLA) represents one of the most promising
bio-based and biodegradable alternatives, owing to its high strength,
good processability, compostability, and economic attractiveness [1,2].
However, significant limitations persist, and the development of a
broader range of applications remains hindered by its slow crystalliza-
tion rate and low degree of crystallinity [3], fast physical ageing [4],
sensitivity to hydrolysis [5], and poor thermal stability. Additionally,
PLA is a chiral polyester, and different morphologies can be observed for
its two enantiomers [6]. Thus, greater control over the crystallization
behavior of PLA would result in significant improvements over its me-
chanical, thermal, and barrier performance and enable broader
utilization.

The crystallization of PLA can be tuned by promoting a high nucle-
ation density and short nucleation induction period, which can be
achieved by using nucleating agents [7-10]. A wide range of such agents
has been investigated for PLA, including inorganic, organic, and
macromolecular compounds. Talc displayed a high nucleation efficiency
in PLA and is often used as a reference compound [11,12]. Silica, carbon
nanotubes, and graphene oxide are other examples of inorganic mate-
rials acting as nucleating agents [13-15]. However, low solubility and
particle aggregation often impinge on their nucleation efficiency and
material properties. On the other hand, organic compounds can display
a high affinity and miscibility with the polymer matrix. Natural organic
materials such as natural rubber (NR) can also be used to increase the
crystallinity of PLA. NR, however, should usually be applied in larger
amounts, and it has a negative effect on the ultimate tensile properties of
PLA [16-18]. A particular class of organic compounds — known vari-
ously as clarifiers, low molar-mass organogelators, supramolecular, or
(partially) soluble self-assembly nucleators (SSANs) — were shown to

* Corresponding author. Materials Science and Technology of Polymers & Sustainable Polymer Chemistry, MESA+ Institute for Nanotechnology, University of

Twente, 7500AE, Enschede, the Netherlands.
E-mail address: g.j.vancso@utwente.nl (G.J. Vancso).

https://doi.org/10.1016/j.polymertesting.2023.108322

Received 23 October 2023; Received in revised form 13 December 2023; Accepted 30 December 2023

Available online 31 December 2023

0142-9418/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:g.j.vancso@utwente.nl
www.sciencedirect.com/science/journal/01429418
https://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2023.108322
https://doi.org/10.1016/j.polymertesting.2023.108322
https://doi.org/10.1016/j.polymertesting.2023.108322
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymertesting.2023.108322&domain=pdf
http://creativecommons.org/licenses/by/4.0/

F.F.G. Sebek et al.

exhibit a high nucleation efficiency for PLA and other thermoplastics
[19]. As opposed to traditional nucleators, SSANs dissolve in the poly-
mer melt during a heating cycle and self-assemble upon cooling into 2-
or 3-dimensional structures, such as needles [7], dendritic structures
[20], or fibrillar networks [21]. These heterogeneous structures promote
a high nucleation density and rapid crystallization. Although a complete
understanding of the mechanism at play remains elusive, evidence
suggests that designer SSANs are well-dispersed in the PLA melt as well
as promote strong intermolecular interactions and conformational reg-
ulations of the PLA chains during cooling [19]. Such soft templating
method has been demonstrated effective using arylamides [7,22,23],
aliphatic amides [24], hydrazides [25,26], aliphatic acids [27], and
sorbitol compounds [28-31]. Sorbitol-based nucleators are of particular
interest as SSANs, having been historically employed as performant
clarifying agents in polypropylene (PP) [29]. Lai et al. demonstrated
that the first generation of sorbitol clarifiers, viz. 1,3:2,4-dibenzylide-
ne-D-sorbitol (DBS) was also applicable in PLA, self-assembled into fi-
brils in the polymer melt, and increased the nucleation rate of PLA [31].
Petchwattana et al. later reported an increased degree of crystallinity in
PLA wusing the third-generation sorbitol-type nucleator, dime-
thylbenzylidene sorbitol (DMDBS), while maintaining good clarity [28].

As the next step toward a better understanding and control of PLA
crystallization, we report here our investigation on the role of the fourth-
generation sorbitol-based nucleator, viz. 1,2,3-tridesoxy-4,6:5,7-bis-O-
[(4-propylphenyl) methylene]-nonitol (TBPMN). This compound is the
most recent sorbitol-type nucleator marketed. It exhibits superior per-
formance in PP compared to previous generations, displaying greater
solubility, lower processing temperatures, reduced yellowing, better
organoleptics, and greater optical transparency [30,32]. In the present
study, TBPMN was dispersed in the polymer matrix by employing
solvent-mixing or melt-blending techniques. The concentration investi-
gated ranged from 1 wt% to 5 wt%. The peak temperature of melt
crystallization (Tcp), melting temperature (Ty), degree of crystallinity
(Xo), crystallization half-time (t;2), as well as the crystalline structure
within neat PLA and the PLA/sorbitol materials were determined using
differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), polarised-light optical microscopy (PLOM), wide-angle X-ray
scattering (WAXS), and atomic force microscopy (AFM).

2. Experimental section
2.1. Materials

PLA Ingeo 4032D (1.4-2.0 % p-isomer content) was obtained from
NatureWorks LLC. (Minnetonka, MN, USA). It has an apparent M,
determined by SEC in chloroform (PS calibration) of 202.7 kg/mol and
P = 2.0, a density of 1.24 g/cm®, while its melt flow rate (MFR) is 3.9 g/
10 min at 190 °C and 2.16 kg load. The PLA pellets and 1,2,3-tridesoxy-
4,6:5,7-bis-O-[(4-propylphenyl) methylene]-nonitol (TBPMN, Milliken,
Millad® NX® 8000) were dried in a vacuum oven at 60 °C overnight
prior to use. Dichloromethane (DCM, Sigma Aldrich, anhydrous, >99.8
%) was used as received.

2.2. Sample preparation

The nucleator was dispersed in the polymer matrix by either solvent-
mixing or melt-blending, at a concentration ranging from 1 wt% to 5 wt
%.

Solution-cast films. Solvent-mixing was performed by dissolving 0.5 g
of PLA in DCM (20 mL). The desired amount of nucleator was mixed
with 2 mL of DCM in a separate vial and stirred for 45 min. The nucleator
solution was then added dropwise to the polymer solution under
vigorous stirring, and mixing was continued for 30 min. Solution-cast
films were obtained by depositing the solutions in an ethanol-washed
glass Petri dish, dried under ambient conditions in a fume hood for 2
h, and then transferred to a vacuum oven at 90 °C overnight.
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Melt-blended and compression molded films. Melt-blending was con-
ducted in a HAAKE PolyLab QC (Thermo Fisher Scientific Inc., Waltham,
MA, US) modular torque rheometer, equipped with a HAAKE Rheomix
600 QC internal mixer and roller-type rotors R600 (chamber volume
with rotors: 69 cm®). The mixer was heated to 180 °C, and mixing was
performed at 50 rpm. PLA pellets (60 g) were added to the mixer, which
was closed with an automatic feeding ram and melted for 1 min. The ram
was lifted, and the nucleator powder was added to the chamber within 1
min, after which the chamber was closed, and mixing continued for
another 5 min. The melt-blended samples were compression molded
using a Fontijne hot press (Fontijne Holland BV, Vlaardingen, The
Netherlands). A mold (0.2 mm in thickness) was placed between two
metal plates covered with PTFE sheets and was filled with the samples.
The plates were preheated in the press at 180 °C for 3 min. The force was
then increased to 100 kN and maintained for 2 min. The temperature
was then lowered with water cooling below Ty (circa 50 °C).

2.3. Analysis

The DSC measurements were carried out with a Pyris 1 (PerkinElmer
Inc. Waltham, MA, US) and a DSC 250 (TA Instruments Inc., New Castle,
DE, US) equipment. The temperature profile was the following: heating
from 20 °C to 220 °C at 5 °C/min, holding at 220 °C for 5 min, and
cooling to 20 °C at 5 °C/min. Two successive cycles were executed.
Measurements were performed in triplicates. For isothermal measure-
ments, the sample was heated from 20 °C to 200 °C (5 °C/min), holding
at 200 °C for 5 min, rapidly cooled to 100 °C (320 °C/min), and main-
tained at this temperature for 40 min. The degree of crystallinity was
calculated as X. = AH,/(AH po[1- f]) x100, where AHy is the enthalpy of
crystallization from the melt, AHg is the heat of fusion (taken as 93 J/g
for a fully crystalline PLA [33]), and f the mass fraction of the nucleator.

A TGA 550 (TA Instruments Inc., New Castle, DE, US) device with an
autosampler was used for the TGA measurements. Ny atmosphere was
established by purging with Ny gas at 40-60 mL/min. For each mea-
surement, ca. 5 mg of sample was used. The specimens were placed in a
Pt pan and maintained at 30 °C for 1 min. Heating was performed at
10 °C/min up to 500 °C. When the measurement was completed, the
temperature was returned to 30 °C.

The polymer crystallization was monitored using an Olympus BX60
optical microscope (Olympus Co., Tokyo, Japan) in transmission mode.
The temperature was controlled with a hot stage, increasing from 30 °C
to 200 °C at 5 °C/min.

A Discover D8 (Bruker Co. Billerica, MA, US) instrument was used for
WAXS measurements in transmission mode, using a 2D detector. The X-
ray source was Cu (Ka), the voltage was 40 kV, and the current 40 mA.
The slit width was set to 0.6 mm. The reflection spectra were obtained at
20, ranging from 10° to 30°. A pre-thermal treatment was carried out
with the hot stage under the same conditions used for PLOM imaging.

AFM measurements were conducted on the melt-blended 2 wt%
PLA/TBPMN film sample using a Veeco NanoScope 4 MultiMode 8 in-
strument, equipped with an HC GV scanner, non-contact/tapping mode
cantilever, and a peristaltic pump with water/ice for scanner cooling.
Image analysis was done using the Nanoscope Analysis 1.8 software. The
sample was first scanned at 20 °C, then heated and scanned at 100 °C.
The sample was then melted to 175 °C, cooled to 100 °C for analysis, and
further down to 24 °C for another scanning in tapping mode.

3. Results and discussions
3.1. Neat PLA and TBPMN

The thermal properties of the neat PLA were determined by non-
isothermal DSC under quiescent conditions after erasing the thermal
history are shown in Fig. S1. The polymer thermal behavior was char-
acteristic for this semi-crystalline material and displayed a Tg of 58 °C
and a cold crystallization peak in the range of 100-150 °C. The polymer
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melted with a sharp peak at 167 °C (Tp,) but displayed only a small melt
crystallization peak (X. = 1.9 %) around 101 °C upon cooling at 5 °C/
min, indicating its poor crystallization behavior.

TBPMN (Fig. 1a), used as a sorbitol-type nucleator, was provided as a
white powder with no discernible features (Fig. 1b). After dissolution in
dichloromethane, the molecules self-assembled into short fibrils, about
50 pm in length and less than 10 pm in diameter (Fig. 1c). The thermal
behavior of TBPMN alone, measured by DSC, revealed that there was no
exothermic peak occurring when processed below its melting tempera-
ture. However, when heated above its melting point at 247.2 °C, a sharp
exothermic peak was measured upon cooling at 230 °C (Fig. S2).

3.2. PLA/TBPMN solution-cast films

The thermal behavior of the PLA/TBPMN films was studied by DSC,
and the thermograms for all the samples are reported in Fig. S3. The Ty
values (Table 1) of all nucleated samples remained comparable to that of
the neat resin, indicating little influence of the nucleator on chain
mobility upon heating.

The nucleator, however, exhibited a significant influence on the melt
crystallization behavior of PLA. The corresponding DSC thermograms of
the solution-cast samples are displayed in Fig. 2a-b. At a low nucleator
concentration (<1 wt%), only a small and broad exothermic peak was
observed at an onset crystallization temperature below 100 °C, indica-
tive of the poor crystallization behavior of PLA. At or above a threshold
nucleator concentration of 2 wt%, a prominent exothermic peak indi-
cated a rapid melt crystallization of PLA around 110 °C. Noteworthy, a
second small exothermic peak appeared at more elevated temperatures
when the nucleator concentration was above 2 wt%. It was particularly
pronounced in the sample with 4 wt% TBPMN, occurring at 149 °C. All
the nucleated samples with >2 wt% TBPMN exhibited no cold crystal-
lization peak (see Fig. 2b and S3) when subjected to a subsequent
heating cycle, as opposed to PLA samples with a lower nucleator con-
tent, indicating efficient melt crystallization of the former samples.

(a)
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The change in T, as a function of the nucleator concentration is
commonly used to assess the efficiency of a nucleator [8,24,31,34,35]. It
can be correlated to the spherulite size, lamellae thickness, and optical
properties. As shown in Fig. 2¢, T¢, exhibited a sigmoidal increase with
TBPMN concentration, characteristic of the influence of SSANs on
crystallization kinetics [34,36]. At low TBPMN concentration (1 wt%),
T, remained low (96.1 + 0.5 °C); however, a sharp increase was
observed as the concentration of TBPMN reached 2 wt%, with a T, of
107.4 £+ 4.6 °C. The rapid increase in nucleation efficiency with con-
centration has been linked to the solubility of the nucleator in the
polymer melt [34]. For TBPMN, the solubility limit in PLA may therefore
be estimated to be ca. 2 wt%. T, remained approximately 110 °C as the
nucleator concentration was increased to 3 wt% and 5 wt%. Unexpect-
edly, a drop in T, occurred at 4 wt% TBPMN. This composition also
correlated with the appearance of a second exothermic event (Fig. 2a)
and is further discussed below.

A similar sigmoidal trend was observed between the degree of
crystallinity and TBPMN content in PLA (Fig. 2d). An effect of the
nucleator was observed when at least 2 wt% of TBPMN was added,
reaching an average X, of 39.5 &+ 2.1 %. A similar X, (see Table 1) was
also obtained after a second heating cycle. Noteworthy, a double melting
peak was observed at or above the threshold concentration of 2 wt%
during the second heating cycle (Fig. 2b and S3). Such double peaks
have been attributed variously to melt-recrystallization of a and o’ (also
referred to as 8) crystals [37], dual lamellae populations, or dual crystal
structures [38]. However, in spite of the previous data on T, a drop in
X. was not observed with 4 wt% of TBPMN.

The reflection spectra from WAXS analysis of the solution-cast films,
processed with the same thermal treatment as used for DSC analysis, are
reported in Fig. S4 (with assigned 20 peak positions). While neat PLA
remained amorphous, PLA with TBPMN exhibited the presence of
a-crystals (1 wt%, 2 wt%, and 4 wt% TBPMN). The sample with 3 wt%
TBPMN uniquely exhibited a reflection peak at 22.2°, indicating the
presence of a-crystals but also reflections shifted to lower angles (by

Fig. 1. The chemical structure of the nucleator used in the experiments (a), as well as optical micrographs of the TBPMN powder (b) and after dissolution in

dichloromethane (c). The scale bars represent 20 pm.
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Table 1

Characteristic values determined by DSC: glass transition temperature (Tg); crystallization temperature (Tc), enthalpy of crystallization (Hc); cold crystallization temperature (Tcc); enthalpy of cold crystallization (Hcc);

melt temperature (Tc); heat of fusion (Hm); degree of crystallization (Xc).

Xe; [%]° Xey [%]°

He [J/g]b Tee [°C]© Hce [J/g1°¢ Tm [°C]¢ Hm [J/g]¢

Te [°C]°

Tg [°C)*

TBPMN (wt.%)

2,7
9,3

2,0
1,8
1,9
2,2
3,3
0,9

36,2

1,9
0,8
0,2
0,3
0,6
0,5

0,9

+
+
+
+
+
+
+
+
+
+
+
+

167,3
167,8
168,7
168,7
168,2
168,7
169,1
169,0
167,8
169,5
167,9
167,8

0,1

+
+

-29,4
22,2

>

+
4,3

121,5
96,3

0,6
2,5

-2,6
-8,5

1,3
0,5
4,6

97,8

0,0
1,8
2,2
0,7
4,0
3,1

61,9

0

Solution mixing

2,7

37,6

8,0

96,1

58,4

39,5

39,9

1,9
3,5

+
+
+
+

—36,0
-37,8
—39,2
—35,3
-7,6

-9,7

—29,6
—39,7
-37,8
—39,7

+
+
+
+
+
+
+
+
+
+

107,4
111,3
104,4
109,6
116,1
114,9
109,0
109,6
102,6
101,8

59,2

41,9

39,2

1,7
1,8

4,1

60,8

43,9

39,4

4,0
2,4
1,1
3,1

59,0

39,0

2,8
1,2
3,4

39,9
8,2

38,2

58,5

1,9
2,7
0,1

37,0

3,2
7,4

+
+

-23,7
—23,0
-8,7

1,6
3,1

+

103,8
99,2

0,8

0,7

57,3

Melt blending

10,6

40,2

1,6
12,5

1,0
0,9
0,3

56,7

32,5

39,4

10,5

3,1

93,6

8,1

+
+
+
+

3

0,5

56,6

44,0

1,2
0,8
0,0

41,2

1,7

56,4

42,4

40,9

0,4
0,0

3,1
4,3

2,3
0,4

1,5
0,4

56,9

4,9 40,6

44,9

39,7

58,0

# Determined from the first heating curve.
Y Determined from the cooling curve.

¢ Determined from the second heating curve.

4 Calculated from the cooling curve.

¢ Calculated from the second heating curve.
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about 0.2°) for the characteristic peaks at 16.7° and 19.1°, also revealing
the presence of o’-crystals [39,40]. This is in agreement with the DSC
thermographs for this sample, which showed a small exothermic peak
prior to the melting peak upon heating, indicating an «' to « transition
[41], and also a double melting peak, possibly assigned to the melting of
a- and o/-crystals at different temperatures. However, some contradic-
tions have also been observed in the DSC thermogram and WAXS pattern
of 1 wt% TBPMN concentration sample, which suggest some extent of
heterogeneity in the samples. The average crystallite size was compa-
rable for all the crystalline samples, ca. 32.2 nm, suggesting little in-
fluence of the nucleator on the crystal size.

The morphology during crystallization was monitored by PLOM
(Fig. 3), exposing the materials to the same thermal treatment used
during the DSC measurements. Crystallization upon cooling could be
clearly visualized for all the samples, with an onset crystallization
temperature increasing with nucleator concentration. When using 1 wt
% TBPMN, spherulite formation occurred at 108 °C, while with 5 wt%
TBPMN, the onset crystallization temperature was increased to 130 °C.
The spherulite size was the smallest with 2 wt% TBPMN, with an
average diameter of 3.33 + 0.8 pm. Notably, the spherulites grew larger
with decreasing and increasing TBPMN concentration, reaching 18.79
+ 2.6 pm at 1 wt% and 10.3 £ 2.6 pm at 5 wt%, respectively.

From the PLOM images, we can infer that at a low concentration (1
wt%) fibrous network did not form. The absence of this fibrous network
may be attributed to the nucleating agent concentration not reaching the
critical threshold required for self-assembly. Only a few heterogeneous
nucleation sites were present, resulting in a low nucleation density and
the formation of large spherulites. By increasing the nucleator concen-
tration to 2 wt% (i.e., above its solubility limit), a homogeneous dis-
tribution of TBPMN resulted in the self-assembly of a fibrillar network.
The dense network with a small mesh size promoted the nucleation of a
higher number of spherulites, which remained small due to their
impinged growth. At a higher nucleator concentration (3-5 wt%), ag-
gregation of TBPMN particles resulted in a network with thicker fibrils
and a larger mesh size. Such a network exhibited a lower nucleation
density and resulted in the crystallization of larger spherulites.

3.3. Melt-blended samples

3.3.1. Non-isothermal crystallization

The nucleation efficiency of SSANs largely depends on their thermal
history and processing conditions [34]. From the practical point of view,
the significance of melt processing is much greater than film/solution
casting; thus, an extensive investigation was performed on such samples.
Industrially, nucleators are usually added in a powder form to polymer
pellets and processed by melt extrusion.

To study the influence of the sample preparation method, melt-
blended samples of PLA and TBPMN were prepared using an internal
mixer. TGA measurements (see Fig. S5) proved no significant mass loss
at the chosen processing temperature (180 °C) in the mixing chamber.
The overall DSC thermograms of the melt-blended samples are displayed
in Fig. S6. The traces from the cooling and second heating cycle are
reported in Fig. 4a-b. As noted for the solution-cast samples, at a low
nucleator concentration (<1 wt%), only a small and broad exothermic
peak was observed at an onset crystallization temperature of around
120 °C, indicative of the poor crystallization behavior of PLA. Above the
threshold concentration, with 2 wt% nucleator, two peaks were visible.
A prominent crystallization peak occurred at 103 + 3.5 °C, indicating a
greater crystallization rate in the presence of TBPMN.

As shown in Fig. 4c, the T¢p of melt-blended samples was found to
decrease slightly with increasing nucleator concentration (from 116.1
+ 0.8 °C to 101.8 + 0.4 °C, with 0 wt% and 5 wt% TBPMN, respec-
tively). The deviation in the crystallization behavior of the sample
prepared with 2 wt% TBPMN must be noted here. The test of this sample
was repeated multiple times, and a similar behavior was detected in all
cases which supports our earlier assumption about the threshold
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Degree of crystallinity (%)
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Fig. 2. DSC thermograms, upon cooling from the melt (a) second heating cycle (b), of solution-cast samples; corresponding to neat PLA (0 wt%) and PLA samples
mixed with TBPMN. Traces have been shifted for visibility. A significant shift can be observed at or above 2 wt% nucleator concentration in the peak temperature of
crystallization (c) and degree of crystallinity (d). The latter was calculated from the cooling curve. Lines are added as guides to the eye.

concentration of the nucleator. Also, the trend notably deviates from the
sigmoid trend observed with the solution-cast samples (Fig. 2c). The
higher T, and X, of the melt-blended samples compared to those of the
solution-cast films at low nucleator concentrations (<1 wt%) may be
ascribed to polymer degradation during processing. Melt-blending of
PLA has been shown to induce thermal degradation and chain scission.
The decrease in molar mass and correlated increase in chain mobility
result in an enhanced nucleation rate upon cooling [42]. We note that a
higher T, may be particularly advantageous during processing, allow-
ing shorter cycle times. The degree of crystallinity in melt-blended
samples displayed a similar sigmoidal trend as for solution-cast sam-
ples when the TBPMN concentration was increased (Fig. 4d). A sharp
increase in X, is reported at or above 2 wt% TBPMN, reaching a plateau
at around X, = 40 %.

Interestingly, at higher nucleator concentrations (>2 wt%), Tep
remained lower or comparable to that of the solution-cast samples, with
the notable occurrence of a second exothermic event. As discussed
above, this event was also associated with a reduction in the T, of the
solution-cast sample prepared with 4 wt% of TBPMN. Noteworthy, the
peak temperature and enthalpy change of this second exothermic event
increased with nucleator concentration, ranging from 121.5 °C to
151.9 °C and 0.29 J/g to 2.6 J/g from 2 wt% to 5 wt% TBPMN,
respectively (Fig. 5). The exothermic event reported at high tempera-
tures is reminiscent of the thermal behavior in mixtures of enantiomeric
PLAs. In such systems, a crystallization peak at high temperatures is
well-reported and ascribed to stereocomplex formation in the melt,
acting as efficient nucleating sites during cooling [43,44]. A correlation
between concentration and crystallization temperature has been re-
ported in such compositions, which exhibit a network structure spawned

by stereocomplex crystals [45,46]. In comparison, PLA/TBPMN mix-
tures may exhibit a comparable network assembly and the formation of
supramolecular structures, acting as efficient nucleating sites. Such in-
teractions appear particularly favored when adding 4 wt% TBPMN,
either when processed from the solution or in the melt. Further inves-
tigation would be required to determine the supramolecular interactions
that may be taking place between the TBPMN molecules and PLA chains.

Furthermore, the influence of the nucleator concentration on T,
may be quantitatively correlated to the spherulite size and optical
properties. Horvath et al. proposed that the sorbitol nucleator network
promotes small-sized spherulites and helps improve clarity in PP [35]. In
PLA/TBPMN samples, the nucleator above its threshold concentration
(viz. 2 wt%) promotes a higher T, which may be advantageous in terms
of optical properties.

The melt-blended PLA/TBPMN materials were compression molded
to thin films and subjected to the same thermal treatment employed for
the non-isothermal DSC analysis. The films were then analyzed by
WAXS. The spectra are shown in Fig. S7. In all cases, the 20 reflections
indicated the formation of o’-crystals (which peaks were shifted to lower
angles by about 0.2° relative to the characteristic peaks of the a-form
crystals, reported at 16.7° (200/110) and 19.1° (203) [40,47]. No other
reflection peaks were observed for the neat PLA and 1 wt% TBPMN
samples, so only «-crystals formed. For PLA samples with a TBPMN
content >2 wt%, characteristic peaks of a-crystals were also detected at
14.7° (010) and 22.2° (015). Moreover, the even-numbered (00X) re-
flections were absent, indicating that both a- and o'-crystals structures
were present [48]. The mixed crystalline structure was also apparent by
DSC exhibiting double melting peaks in a subsequent heating cycle. The
crystallite size was comparable in all the crystalline samples and
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Fig. 3. PLOM images (top) of solvent-mixed PLA/TBPMN samples (TBPMN concentration ranging from 0 wt% to 5 wt%) after cooling from the melt. Proposed
schematic representations (bottom) of the fibrillar network and spherulite formation.

calculated to be 29.3 nm, slightly smaller than for solution-cast samples.
It can be concluded that TBPMN promoted the crystallization of PLA,
and the formation of o-crystals, although a distorted o crystalline
structure also formed during the melt processing.

3.3.2. Isothermal crystallization

The isothermal crystallization behavior of the PLA/TBPMN melt-
blended samples at 100 °C is illustrated in Fig. S8. The corresponding
kinetics of the change in the relative degree of crystallinity for different
nucleator concentrations are represented in Fig. 6a. Neat PLA displayed
the lowest crystallization rate, exhibiting a crystallization half-time (t;,
2) of 6.5 min. Using 1 wt% TBPMN, t;,» was decreased to 5.4 min; and
was the lowest when adding 2 wt% TBPMN (t;,2 = 1.0 min). Further
addition of TBPMN (3-5 wt%) slightly increased t;/»; however, that
change is insignificant. As noted for T, and X, a threshold crystalliza-
tion behavior occurred at or above 2 wt% TBPMN content, exhibiting a
sharp increase in the crystallization kinetics. This rate compares favor-
ably to other sorbitol/PLA systems (DBS, DMBS), with a reported t; /5 ca.
5 min [28,31].

The isothermal crystallization behavior was further analyzed by
applying the Avrami model [49]. All the experimental data showed a
good fit to the theory in the primary crystallization range (Fig. 6b). The

calculated values of the Avrami exponent n at different TBPMN content
are reported in Table 2. For all the samples, except for 4 wt%
PLA/TBPMN, n ranged between 2.4 and 3.1, which compares well to
reported values for neat PLA [50]. Values of n approaching 3 suggest a
transition from a two-dimensional to a three-dimensional athermal
growth of spherulites promoted by TBPMN [51]. The sample with 4 wt%
TBPMN exhibited the highest n value of 3.3, hinting at a transition to a
more sporadic three-dimensional growth [52], which may be induced by
particular supramolecular complexes formed at this composition.

3.3.3. AFM analysis

The self-assembly of sorbitol-type nucleators into a fibrillar network
is highly dependent on the processing conditions, thermal history, and
concentration. Although several techniques have been used to investi-
gate the fibrillation process, it has remained a challenge to monitor in-
situ the network formation from the polymer melt [53]. As shown in
Fig. 3 for the solution-cast samples, fibrils formation was monitored by
optical microscopy but only at high nucleator concentrations (>4 wt%)
and for micron-sized fibrils. However, it is expected that rather nano-
sized fibrils provide the most efficient nucleation and clarification per-
formance [34].

In this study, we employed AFM to help visualize the nucleator
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network formation in the polymer melt of a melt-blended sample con-
taining 2 wt% TBPMN. As shown in Fig. 7a, the sample displayed a
smooth surface with only a few fibrils visible at 20 °C. Upon heating to
100 °C, the softer PLA matrix allowed the resolution of a dense network
of fibrils visible at the sample surface and displayed an average diameter
of 0.03 £ 0.01 pm. The fibrils, which made up the network, exhibited a
twisted helical structure, as shown in the magnified image in Fig. 7c and
d. It has been reported that polarity and solvent effects influence the self-
assembly of sorbitol compounds and can promote the formation of he-
lical structures [54]. The sample was then melted at 175 °C and cooled
down to 100 °C. As shown in Fig. 7d, further growth of the fibrils took
place during this thermal process and exhibited an average diameter of
0.18 + 0.09 pm at 100 °C. Fibrils were also still visible at the surface by
cooling the sample to room temperature and had an average diameter of
0.17 £ 0.06 pm at 24 °C (Fig. 7e).

4. Conclusions

The crystallization behavior of PLA was studied in the presence of the
sorbitol-based nucleating agent TBPMN. Dispersion of the nucleator in
the polymer matrix was obtained by employing two different methods:
solution mixing and melt-blending. TBPMN self-assembled in short fi-
brils in dichloromethane prior to addition to PLA. On the other hand,
TBPMN was added as a powder to melted PLA and self-assembled upon
exposure to higher processing temperatures. The concentration of the
nucleator significantly influenced the crystallization behavior. At or
above a threshold concentration of 2 wt% TBPMN, a noticeable increase
in the degree of crystallinity of PLA was measured by DSC, reaching
approximately 40 %. This threshold concentration was associated with



F.F.G. Sebek et al.

®
o

S
Z
=
B
]
6 2 6o/ -
S 0 wt% L
L] 1wt%| o~
g 40 —_—
54 g 2 wt% ><-o-
% 204 3 wt% 2
%} 4 wt% =
] swin| TR
& o hikic] 2
34 g 0o 2 2 6 8 10 12 14| O
Time (min) NP
[o2]
L)

Crystallization half-time (min)
S

o

a)

Polymer Testing 131 (2024) 108322

O Neat PLA
o 1wt%

2 wt%
* 3wt%
L 4wt%
< 5wt%

Avrami fit

0 1 2 3 4 5 6
Nucleator concentration (wt%)

-16 1.2 -08 04 O

0:4 0.8 1:2
log(t) [min]

Fig. 6. Isothermal crystallization at 100 °C of melt-blended PLA/TBPMN samples, measured by DSC. (a) The crystallization half-time as a function of TBPMN, and (b)
plots based on the Avrami model. Inset, the corresponding relative degree of crystallinity over time.

Table 2

Values of the Avrami exponent (n) and its two constituting factors (ng4, dimen-
sion, and n, time-dependence) for different TBPMN content, obtained from the
analysis of melt-blended samples.

Concentration n ng n,

Neat PLA 2.44 2 0.44
1 wt% 2.87 2 0.87
2 wt% 3.08 3 0.08
3 wt% 2.82 2 0.82
4 wt% 3.31 3 0.31
5 wt% 2.49 2 0.49

the solubility limit of TBPMN in PLA. A dependence on the processing
method was found for the peak temperature of crystallization upon
cooling, which was used to evaluate the nucleation performance. While

(a)20°C 600.0 nm

\

(d) 100 °C Tomm  (e)

24°C

Tcp of the melt-blended samples decreased slightly with TBPMN con-
centration, it exhibited a sigmoidal correlation in solution-cast samples,
with a marked increase at or above 2 wt% TBPMN. A prominent
exothermic event was observed at 4 wt% TBPMN, attributed to the
formation of superstructures between the PLA chains and TBPMN. The
peak temperature of this event was found to increase with the nucleator
concentration. The crystallization half-time of the PLA/TBPMN samples
was measured by isothermal crystallization at 100 °C by DSC and was
found to be the lowest at 2 wt% TBPMN, decreasing from 6.5 min for
neat PLA to 1.0 min. From WAXS measurements, the crystalline struc-
tures were found to be dependent on the processing method. Solution-
mixed samples were primarily composed of a-crystals, while melt-
blended samples displayed a mixture of a- and distorted o-crystals.
The nucleator concentration did not influence the crystallite size.
Avrami analysis revealed crystallization proceeding generally by the

2.0 um

Fig. 7. AFM height images (scan size: 3 pm) of the melt-blended PLA/TBPMN (2 wt%) film sample measured at (a) 20 °C, after heating to (b) 100 °C; and after
thermal treatment at 175 °C and cooling to (d) 100 °C, and further cooling to (e) 24 °C. Image (c) is a magnification of image (b), acquired with a scan size of 1 pm.
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three-dimensional athermal growth of spherulites, while with 4 wt%
TBPMN, a more pronounced sporadic crystal growth was observed. AFM
imaging revealed the formation of nanosized fibrils at the surface of
melt-blended film samples. Upon heating, the size of the fibrils increased
from 0.03 + 0.01 pm to 0.18 + 0.09 pm. Soluble self-assembly nuclea-
tors are performant additives used to improve the crystallinity and
clarity of commodity plastics and have shown promise in PLA materials.
Further research in the structure and supramolecular interactions with
PLA chains may spawn a new range of applications for this type of
nucleator.
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