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A B S T R A C T   

In this work, a series of oxalamide based organic compounds (OBOC) are synthesized and their capability to 
enhance the nucleation of polylactide is reported. The OBOCs are soluble in the polylactide melt and crystallize 
upon cooling, providing surface for heterogeneous nucleation to the polylactide matrix. One interesting obser
vation is that the nucleation efficiency of the OBOCs increases at high cooling rates, making the use of OBOCs as 
a nucleating agent attractive for industrial processing conditions. The paper addresses the mechanism involved in 
the cooling rate dependence on the nucleation efficiency of the OBOC: The nucleation efficiency of polylactide is 
significantly enhanced in the presence of OBOC crystals, as a transcrystalline PLA morphology grows from the 
OBOC crystal surface (at relatively low supercooling from the equilibrium melting temperature of PLA). How
ever, such crystallization of PLA occurs only when the OBOC crystals are formed at or below 145 �C while cooling 
at 10 �C/min. In contrast, when the OBOC crystals are formed above 145 �C (i.e. from a lower supersaturated 
state), the OBOC crystals display a significantly reduced capability for PLA nucleation. These findings override 
the possibility of both epitaxy and soft-epitaxy as a plausible nucleation mechanism. Supported by polarized 
optical microscopy, differential scanning calorimetry, plate-plate rheology and molecular modelling we evaluate 
the possibility of nucleation resulting from local stresses imposed on the polylactide melt invoking stress- 
enhanced nucleation. The imposed local shear rates, facilitated by the rapid growth of the OBOC crystals, are 
found high enough to facilitate contour orientation of the high molecular weight PLA chains next to the growing 
OBOC crystals, confirming the possibility for stress-enhanced nucleation. In addition, we identify surface 
roughness of OBOC crystals as a second parameter that influences the PLA nucleation process; the OBOC crys
tallization at high supersaturation is expected to yield smaller/defected OBOC crystals, which are presumed to 
provide high surface area and surface roughness. In contrast, when the OBOC crystals are grown at lowered 
supersaturation (>150 �C), they are bound to anneal during crystallization, providing a smoother surface and 
lower surface area – retrospectively exhibiting a decreased capability to promote the PLA nucleation, irrespective 
of the PLA supercooling. Interestingly, both the surface roughness of OBOC crystals and the local stresses they 
impose on the PLA melt increase when the OBOC crystal growth proceeds from a highly supersaturated state, 
providing an explanation to the cause of the favored crystallization of PLA at the high cooling rates in the 
presence of the chosen OBOCs.   

1. Introduction 

Polylactide (PLA) has attracted considerable attention in the recent 
years, resulting from its renewable origin [1–4], biocompatibility [5,6] 
and biodegradability [7]. Nevertheless, though PLA is considered a 

promising renewable polymer, it suffers from brittleness, low impact 
resistance, and poor long-term behavior due to its pronounced creep [8, 
9]. The latter is mostly the result of the low crystallinity of PLA after 
processing, resulting from its slow nucleation and crystallization ki
netics [10]. Though the supercooling provides the driving force for the 
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homogenous nucleation and crystallization process of PLA, the nucle
ation process can be enhanced by the addition of a nucleation agent 
[11–13] (NA), potentially addressing the aforementioned limits in me
chanical performance. 

Numerous additives, for example, calcium carbonate [14], cellulose 
[15], clay [16], talc [17], functionalized lignin [18], hydrazides [19, 
20], amino-acids [21], and oxalamides [22] have been reported to 
enhance the nucleation rate of the PLA melt. When using inorganic 
compounds, irrespective of the nucleation mode, the observed nucle
ating efficiency is generally limited by the (in)homogeneity of the 
dispersion of the filler in the polymer matrix. In this respect, the use of 
melt-soluble organic nucleating agents are preferred. These organic 
molecules are designed to dissolve in the polymer melt and crystallize on 
cooling – prior to crystallization of the polymer melt. It is to be realized 
that on decreasing the temperature of the polymer/NA solution, the 
solubility of the NA decreases until a supersaturated state is achieved 
that promotes nucleation and crystallization of the NA; a process that is 
dependent on both the temperature and the NA concentration in the 
polymer melt. Crystallization of the NA from such a supersaturated state 
effectively yields a homogenous dispersion of NA crystals throughout 
the polymer matrix. In turn, the overall nucleating efficiency of the 
polymer matrix is determined by the geometry and the 
surface-to-volume ratio of the NA crystals, which in turn is dependent on 
the thermal history of the sample, and hence the supersaturation of the 
system prior to the NA crystallization. 

An example of melt-soluble nucleating agents are oxalamide based 
organic compounds (OBOC). Generally, two oxalamide moieties are 
connected through a bridging spacer, which is varied to control the 
OBOC melting temperature. Secondly, the end-groups of the OBOC are 
selected such that they promote miscibility with the polymer matrix of 
choice. When designed correctly and used in sufficient concentration, 
the side groups stimulate dissolution in the polymer matrix at elevated 
temperatures, while the hydrogen bonding between the oxalamide 
moieties provides the driving force for crystallization from the polymer 
melt upon cooling [23,24]. Indeed, this approach proved successful in 
designing melt-soluble nucleating agents for several polymers including 
polyhydroxyalkanoates [23], isotactic polypropylene [24,25], polylac
tide [22,26], and poly(butylene-adipate) [27,28]. Though this generic 
approach in designing nucleating agents for thermoplastic polymers is 
promising, the mode of nucleation is not clear; Given that multiple 
OBOCs can effectively enhance the nucleation efficiency of different 
polymers, we consider nucleation by epitaxial matching as general 
OBOC nucleation mechanism unlikely. Therefore, the purpose of this 
work is to evaluate various nucleation mechanisms and identify the 
critical parameters responsible for the enhancement of the PLA nucle
ation process in the presence of OBOCs. 

2. Experimental section 

2.1. Material preparation and blending process 

Five different OBOCs have been synthesized according to the pro
cedure described in earlier work, Scheme 1 [23]. As an example, the 
synthesis of diethyl 5,6,11,12-tetraoxo-4,7,10,13-tetraazahexade
cane-1,16-dioate, abbreviated as OXA2, is briefly recalled; 1,2-diamino
ethane was dropwise added to a 10-fold excess of diethyloxalate in THF 
and the mixture was allowed to stir for 24 h at room temperature. The 
intermediate product, diethyl 2,2’-(ethane-1,2-diylbis (azanediyl))bis 
(2-oxoacetate), precipitated during the reaction and was obtained as a 
white powder after filtration and washing three times with diethyl ether. 
Next, diethyl 2,2’-(ethane-1,2-diylbis (azanediyl))bis(2-oxoacetate) was 
dissolved in chloroform together and a double molar excess of β-alanine 
ethyl ester hydrochloride and triethyl amine. The product, OXA2, 
precipitated over time during refluxing for 48 h and was obtained as a 
white powder after filtration and washing three times with chloroform. 
Details on the synthesis, analysis and thermal behavior of the purified 

OBOC materials are provided in the Supporting Information. 
The synthesized OBOCs are dried overnight at 60 �C in vacuo together 

with the PLA (Corbion L130 grade, <1% D-enantiomer). Master batches 
of 10 wt% OBOC in PLA are prepared through extrusion for 3 min in a 
DSM Xplore twin-screw extruder (5 ml barrel size) at 180 �C and at 100 
RPM. Next, the master-batches are diluted with PLA to obtain samples of 
0.5, 1.0, 1.5, and 2.0 wt% OBOC. After extrusion, the samples are cooled 
to room temperature after which they were subjected to further analysis. 
A pure PLA reference is processed following the same protocol. GPC 
analysis was conducted on all extruded samples to identify whether PLA 
degradation occurred in the presence of the various OBOCs (Supporting 
Information). 

2.2. Analysis methods 

1H NMR spectra were recorded with a Bruker Ultrashield 300 spec
trometer (300 MHz magnetic field). NMR-samples were prepared by 
dissolving ca. 10 mg of sample in 0.5 ml deuterated dimethyl sulfoxide 
(DMSO). Spectra were referenced against tetramethylsilane (d-TMS). 

Weight average molecular weight (Mw) and polydispersity (PDI) of 
PLA blends after processing were determined from gel permeation 
chromatography (GPC) on a PSS SECcurity GPC system using Agilent 
1260 Infinity instrument technology. The GPC system is equipped with 
two PFG combination medium micro-columns with 7 μm particle size 
(4.6 � 250 mm, separation range 100–1.000.000 Da), a PFG combina
tion medium pre-column with 7 μm particle size (4.6 � 30 mm), and a 
Refractive Index detector (RI). Distilled 1,1,1,3,3,3-hexafluoroisopropa
nol (HFIP) containing 0.019% sodium trifluoroacetate was used as 
mobile phase at 40 �C, with a 0.3 mL/min flow rate. The GPC apparatus 
was calibrated with poly (methyl methacrylate) standards obtained from 
PSS. GPC samples were prepared by dissolving 5 mg of PLA in 1.5 ml 
HFIP overnight under constant shaking, the samples were filtered over a 
0.2 μm PTFE syringe filter prior to injection. 

The thermal behavior and transitions of the samples were identified 
via differential scanning calorimetry using a TA Instruments Q2000 
DSC. All samples were measured at heating rate of 10 �C to a maximum 
temperature of 190 �C, kept isothermal for 3 min, and cooled back to 
room temperature at a rate of 1,3, 10, 30, or 100 �C/min unless 
mentioned otherwise. The glass transition temperature (Tg) and peak 
melting temperature (Tm) were determined from heating runs. The 
crystallization exotherm observed during the first cooling run was used 
to define peak crystallization temperature (Tc) and onset of crystalliza
tion temperature (Tons). The peak crystallization temperature is 
considered the peak value of the crystallization exotherm, whereas the 
intersection of the tangents of the baseline and the crystallization curve 
is considered the onset temperature for crystallization. For isothermal 
crystallization, all samples are heated from room temperature to 190 �C 
at a rate of 10 �C/min and kept isothermal for 3 min to erase the thermal 
history. Next, these samples are cooled at a rate of 50 �C/min to the 
desired isothermal holding temperature (between 145 and 170 �C) to 

Scheme 1. Chemical structures of the five OBOCs used in this study. The 
OBOCs are abbreviated based on the number of methylene groups in-between 
the oxalamide units; For example, the OBOC based on 1,2-ethanediamine, 
having two methylene groups between the oxalamide groups, is named OXA2. 
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allow nucleation and crystallization of the dissolved OXA molecules. 
After a 5 min isotherm at the holding temperature, the samples were 
cooled at a rate of 50 �C/min to 140 �C after which the isothermal 
crystallization of the PLA was monitored for 1 h. Reference samples were 
measured without subjection to an isothermal holding temperature, i.e. 
they were directly cooled to 140 �C at a rate of 50 �C/min after which the 
isothermal crystallization of the PLA was monitored. The obtained 
crystallization isotherms were subjected to an Avrami analysis [29]; The 
enthalpy of crystallization exotherm as a function of the isothermal time 
(ΔH(t) in J/g) was divided over the total of the crystallization enthalphy 
(ΔHtotal in J/g) to yield the crystalline mass fraction Wc. Note, the 
crystallization time was taken as t – t0 where t0 denotes that starting time 
of the crystallization exotherm. Next, the crystalline mass fraction was 
converted to the crystalline volume fraction (Vc), using equation (1), 

Vc¼
Wc

Wc þ

�
ρc
ρa

�

ð1 � WcÞ

(1)  

where the ρc and ρa are the crystalline and amorphous densities of PLA, 
being 1.267 g/cm3 and 1.257 g/cm3, respectively [30].The Avrami pa
rameters n (dimensionless) and k (in min-n) can be extracted from the 
Avrami equation (2) after applying logarithmic properties to both sides, 
equation (3) [31], 

1 � Vc ¼ expð � ktnÞ (2)  

Log½ � ln½1 � VcðtÞ�� ¼LogðkÞ þ n logðtÞ (3) 

Classically, the Avrami parameter n is the summation of two terms, 
nd and nn, where nd reflects the dimensionality of the growting crystals 
(1, 2, or 3), and nn reflects the nucleation dependency which should vary 
between 0 (instantaneous nucleation) and 1 (sporadic nucleation) [31]. 

The morphological development during crystallization of the sam
ples was monitored using polarized optical microscopy on an Olympus 
BX53 microscope mounted with an Olympus DP26 camera and a Linkam 
hotstage (between cross-polarizers and using a 530 nm λ-wave plate). 
The samples were heated to the desired temperature (generally 200 �C) 
at a rate of 30 �C/min. After leaving the samples for 3 min under 
isothermal conditions, the samples were cooled at a specified cooling 
rate (generally being 3, 10, or 30 �C/min) to the desired temperature 
where isothermal crystallization was monitored for 30 min. Optical 
micrographs depicting the morphological changes were recorded both 
during cooling and under isothermal conditions. 

The evolution of the storage modulus of the PLA blends was followed 
over time at 200 �C in an Anton Paar 702 twin drive rheometer. A 
parallel plate geometry, having a diameter of 15 mm and gap of 750 μm, 
was used to study the time dependence of the storage modulus over 
temperature range from 200 �C to 80 �C. The strain (1%) and angular 
frequency (10 rad/s) were chosen such that the experiments were per
formed in the linear viscoelastic regime. 

3. Results and discussion 

3.1. OBOC as melt-miscible nucleating agent for PLA 

The OBOCs synthesized in this study (Scheme 1) are designed such 
that they dissolve in the PLA melt at elevated temperatures and crys
tallize upon cooling. To ensure the interaction required for dissolution in 
PLA at elevated temperatures, the OBOCs contain two β-alanine ethyl 
ester end-groups, which are expected to exhibit a high affinity towards 
the PLA chains due to their structural similarity. Secondly, the intro
duction of the hydrogen bonding oxalamide motifs provides the driving 
force to crystallize during cooling. These two features, i.e. dissolution 
and crystallization of the OBOCs are clearly observed in optical micro
scopy: An example of the capability of the synthesized OBOCs to 
enhance the nucleation process for PLA is provided in Fig. 1, where the 

crystallization process of PLA in the presence of 2.0 wt% OXA4 is 
visualized during cooling. As expected, the OXA4 dissolves in the PLA 
melt, as a homogeneous mixture is obtained above the melting tem
perature of the PLA crystals. The crystallization of OXA4 molecules into 
branched crystals is detected around 138–136 �C during cooling at a rate 
of 10 �C/min, whereas the growth of the PLA crystals on the surface of 
the OXA4 crystals is immediately observed upon further cooling. 
Interestingly, we observe the development of a transcrystalline PLA 
morphology growing from the surface of the OXA4 crystals instead of 
spherulitic growth, indicated by the matching of the colors of the OXA4 
crystals and the PLA crystals growing on their surface. Overall, this 
example clearly demonstrates that OXA4 crystals can effectively 
enhance the nucleation process of PLA, as the pure PLA sample does not 
display any notable crystallization when subjected to the same experi
mental protocol (Figure S12). The nucleating efficiency of the remaining 
OXA compounds as well as the main factors that govern it are detailed in 
the section below. 

3.2. Effect of the OBOC crystallization temperature on transcrystalline 
PLA morphology 

Strikingly different results are obtained when the same experimental 
protocol is followed for PLA containing 2.0 wt% OXA2 (Fig. 2). In 
contrast to OXA4, Fig. 2 reveals that the OXA2 crystal growth proceeds 
already at 174 �C during cooling at a rate of 10 �C/min and that the 
OXA2 crystals grow into relatively large needle shaped crystals instead 
of branched crystals. More importantly and in stark contrast to the 2.0 
wt% OXA4 system, further cooling of the PLA sample containing 2.0 wt 
% OXA2 only results in the formation of a low number of PLA spherulites 
at 130 �C. The absence of the previously observed transcrystalline PLA 
morphology suggests that the OXA2 is a poor nucleating agent under the 
chosen experimental conditions. In contrast, when the OXA2 concen
tration is decreased to 1.0 wt%, OXA2 crystallization is observed at 
considerably lower temperatures of 143 �C (Fig. 3), which is immedi
ately followed by the formation of a transcrystalline PLA morphology 
developing from the OXA2 crystal surface. These findings indicate that 
the nucleating efficiency of PLA in the presence of OXA2 increases when 
the crystallization temperature of the OXA2 molecules from the PLA 
melt decreases. Similarly, when subjecting PLA containing 2.0 wt% 
OXA6 to the same experimental protocol, OXA6 crystallization is 
observed at 132 �C, immediately followed by a transcrystalline PLA 
morphology developing from the OXA6 crystal surface (Figure S13). 
Overall, these findings support the notion that the PLA nucleating effi
ciency by the OBOCs is strongly dependent on the crystallization tem
perature of the OBOC molecules from the PLA melt, hence on the 
supersaturation of the OBOC solution upon crystallization. 

In order to identify the interplay between the employed OBOC 
concentration and the melting temperature of the pure OBOC com
pounds, we have compiled a phase diagram depicting the dependency of 
the OBOC crystallization temperature from the PLA melt as a function of 
OBOC concentration (Fig. 4). Interestingly, no crystallization of the 
OXA3 and OXA5 was observed from the PLA melt upon cooling, likely 
originating from the low melting temperatures of the compounds (187 
�C and 155 �C, respectively, Figure S6) and their relatively poor purity 
(Supporting information). For this reason, we will not focus on the 
behavior of OXA3 and OXA5 in this work and instead provide the 
relevant information of these samples in the Supporting Information. 
Accordingly, Fig. 4 only reflects systems containing OXA2, OXA4, and 
OXA6. In general, we observe that the OBOC crystallization temperature 
from the PLA melt decreases with decreasing concentration. Further
more, as expected for miscible systems displaying a melting and crys
tallization temperature suppression, the phase diagram shows that the 
crystallization temperature follows the order OXA2 > OXA4 > OXA6 for 
a given OBOC concentration. Note that no OBOC crystallization was 
observed from the PLA in melt samples containing �0.5 wt% OXA2 and 
�1.0 wt% OXA4 or OXA6. We expect that the OBOC crystallization from 

M. Roy et al.                                                                                                                                                                                                                                     



Polymer 202 (2020) 122680

4

the PLA melt at such low concentrations proceeds only after crystalli
zation of the PLA has occurred, and hence it is not observed under the 
chosen experimental conditions. The circled area denotes the combi
nations of OBOC concentrations and crystallization temperatures where 
a transcrystalline PLA morphology develops on the OBOC crystals sur
face during cooling. Overall, Fig. 4 shows that the enhancement in 
nucleating efficiency of PLA, indicated by the presence of a trans
crystalline morphology, proceeds when the OBOC crystallizes around or 
below 145 �C. Systems for which OBOC crystallization sets off at higher 
temperatures do not exhibit such a significant enhancement in PLA 
nucleating efficiency, and the growth of spherulites, similar to those 
displayed in Fig. 2, is observed instead. 

The aforementioned findings from polarized optical microscopy 
correspond well with findings from DSC. As can be observed from Fig. 5, 
left, no notable increase in peak crystallization temperature (Tc) of PLA 

is observed for the PLA containing 0.5 wt% OXA2 (Tc of 100 �C, 
compared to 99 �C for the pure PLA sample). As observed earlier, this 
directly relates to the inability of the OXA2 to crystallize from the PLA 
melt under these conditions, resulting in the homogeneous nucleation of 
PLA. As expected from Fig. 3, a significant increase in Tc to 115 �C is 
observed in the PLA containing 1.0 wt% OXA2. Similarly, when 
increasing the OXA2 concentration further, the Tc of PLA is observed at 
102 (1.5 wt% OXA2) and 101 �C (2.0 wt% OXA2), undoubtedly resulting 
from the fact the OXA2 crystal were generated at too high temperatures. 
In addition, as is evident from Fig. 2, the generation of the OXA crystals 
in systems containing 1.5 and 2.0 wt% OXA2 results in a relatively poor 
dispersion of large OXA2 particles with a decreased surface-to-volume 
ratio (as is evident when comparing Figs. 2 and 3), inevitably 
decreasing the number of potential heterogeneous nucleation sites 
further. 

Fig. 1. Polarization optical micrographs depicting the morphological changes when cooling the sample containing PLA and 2.0 wt% OXA4 from 200 �C to 130 �C at a 
rate of 10 �C/min. 

Fig. 2. Polarization optical micrographs depicting the morphological changes when cooling the sample containing PLA and 2.0 wt% OXA2 from 200 �C to 130 �C at a 
rate of 10 �C/min. Upon reaching 130 �C, the sample was kept isothermal for 1 min while the changes in optical morphology were monitored. 
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The aforementioned trends are also observed in rheology (Fig. 5, 
right). Note that, when PLA samples containing OXA2 are cooled from 
the melt, the sudden deviation from Arrhenius type of behavior (pure 
PLA, Fig. 5 right) can be identified as the onset of PLA crystallization 
(Tons). The sample containing 1.0 wt% OXA2 shows the highest Tons of 
125 �C, while the Tons decreases in the samples containing 1.5 and 2.0 wt 
% OXA2 to 123 and 122 �C, respectively. More importantly, one can 
observe that the slope of the storage modulus during cooling to tem
peratures below Tons is lower for samples containing 1.5 and 2.0 wt% 
OXA2, suggesting a slower increase in crystalline fraction, hence these 
systems contain a lower number of growing PLA crystals. As mentioned 

earlier, this is likely the result from the poorer OXA2 distribution, its 
lowered surface-to-volume ratio and the fact that the OXA2 crystals 
were grown at too high temperatures. It should be noted that there 
appears a discrepancy between the temperatures at which crystalliza
tion of the PLA phase is picked up in DSC and rheology methods; DSC 
monitors the release of energy resulting from the crystallization process, 
which might not be sensitive enough to detect the early stage of crys
tallization. In contrast, the visco-elastic response of polymer melts are 
highly sensitive to morphological changes and, as a result, rheology is 
able to pick up the presence of particles (i.e. growing crystals or fillers) 
having dimensions in the nanometer length scale. Accordingly, the 
crystallization process picked in the right image of Fig. 5 reflects the 
onset of the crystallization process whereas the information depicted in 
the left image of Fig. 5 represents an advanced stage of the crystalliza
tion process. The difference in crystallization, as observed from the 
different analysis techniques between the samples containing 1.5 and 
2.0 wt% OXA2, is attributed to the poor nucleation ability of the OXA2 
crystals grown under these experimental conditions. To clarify, the 
OXA2 crystals (at a concentration of 2.0 wt%) grown at a cooling rate of 
10 �C/min, display a poor nucleating ability (Fig. 2), resulting in the 
growth of only a low number heterogeneous nuclei during cooling. 
While rheology picks up the presence and growth of these crystals, 
indicated by the increase in storage modulus, the overall crystal fraction 
(and accordingly, the released energy) remains very small and is only 
picked up as a deviation from baseline in DSC analysis (left image of 
Fig. 5). Due to lack of suitable OXA2 crystal surface for heterogeneous 
nucleation, the bulk PLA phase will undergo homogeneous nucleation 
during further cooling instead. Accordingly, a large increase in the 
volumetric crystalline component is only observed at temperatures 
comparable to that the pure PLA sample. In contrast, the PLA phase 
crystallizes rapidly upon extensive heterogeneous nucleation in the 
sample containing 1.0 wt% OXA2 (Fig. 3), which translates to a rapid 
increase in volumetric crystal fraction, and hence, a upwards shift in the 
crystallization peak in DSC analysis. 

The attentive reader would argue that rheology is thereby able to 
pick up the OBOC crystallization process itself; Indeed, this is the case 
for the sample containing 2.0 wt% OXA2 as the crystallization of the 
OXA2 can be detected by the step-wise increase of the storage modulus 
around 160 �C. The absence of such a step-wise increase in storage 

Fig. 3. Polarization optical micrographs depicting the morphological changes when cooling the sample containing PLA and 1.0 wt% OXA2 from 200 �C to 130 �C at a 
rate of 10 �C/min. Upon reaching 130 �C, the sample was kept isothermal for 1 min while the changes in optical morphology were monitored. 

Fig. 4. Phase diagram depicting the crystallization temperature of OXA2, 
OXA4, and OXA6 from the PLA melt at various concentrations, as determined 
from polarized optical microscopy. The crystallization temperature reflects the 
visual observation of the OBOC crystals during cooling from the melt at a rate 
10 �C/min. The region highlighted in green reflects the concentration range 
where a transcrystalline PLA morphology is observed on the OBOC crystal 
surface upon continued cooling. Note, the dotted lines are added to guide the 
eye of the reader. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 
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modulus in systems containing OXA2 at lowered concentrations, how
ever, is likely related to the size of the OXA2 crystals; in recent work we 
have demonstrated that the influence of the OBOC crystals on the visco- 
elastic behavior of iPP is strongly dependent on the OBOC crystallization 
conditions as changes in visco-elastic behavior are only observed for 
OBOC crystals having a critical size. We would like to refer the interested 
reader to consult previous work for detailed information on the OBOC 
influence on the visco-elastic behavior of polymer melts [25,52]. Lastly, 
the DSC and rheology data for the PLA samples with varying concen
trations of the other OBOCs evaluated in this study are provided in the 
Supporting Information. Overall, these findings confirm that the capa
bility of the OBOCs to enhance the nucleation efficiency of PLA is 
highest when the OBOC crystallizes around 145 �C or lower during 
cooling, irrespective of the chemical composition and the used OBOC 
concentration. 

3.3. Identifying the OBOC nucleation mechanism 

To obtain more information on the nucleation mechanism, we have 
performed the following experiment in polarized optical microscopy 
(Fig. 6): First, the sample containing 2.0 wt% OXA4 was heated to 200 
�C to melt both the OXA4 and PLA crystals and to obtain a homogenous 
solution. Next, the sample was cooled to 145 �C at a rate of 30 �C/min 
where it was kept under isothermal conditions for 1 min to seed a low 
number of OXA4 crystals. Subsequently, the sample was heated at a rate 
of 30 �C/min to 155 �C and maintained at this temperature for 10 min to 
stimulate the growth of the OXA4 crystals. Interestingly, at 155 �C the 
growth of a few PLA spherulites is observed on the center of the OXA4 
crystals, likely corresponding to the growth of crystals that nucleated 
during the isotherm at 145 �C (micrographs B and C, Fig. 6). After the 10 

min isotherm at 155 �C, the sample is cooled at a rate of 10 �C/min to 
130 �C, during which we observe 1) the further growth of existing OXA4 
crystals, 2) the nucleation and growth of new OXA4 crystals, and 3) the 
nucleation and growth of PLA crystals. Interestingly, as is visible from 
the micrographs taken at 134 �C and 130 �C (micrographs E and F, 
Fig. 6), the formation of the transcrystalline PLA morphology is only 
observed on the ‘freshly grown’ OXA4 crystals parts; No PLA crystal 
growth is observed on the surface of the OXA4 crystals that were allowed 
to develop at 155 �C (examples highlighted in micrograph F, Fig. 6). 
Such behavior makes the possibility for either epitaxy or soft-epitaxy as 
nucleation mechanisms by the OXA4 crystals highly unlikely. If these 
were the nucleating mechanisms, one would anticipate the nucleating 
efficiency to be solely dependent on the surface-to-volume ratio and the 
dispersion of the OBOC crystals, and independent on the temperature at 
which they were generated. 

Instead, we would like to consider both local stresses imposed on the 
PLA melt by the growing OBOC crystals and their surface roughness as 
two alternative parameters that affect the PLA nucleation process. The 
concept of stress-enhanced nucleation has already been suggested as 
nucleation mechanism for the formation of the transcrystalline crystal
lization morphology in fiber reinforced thermoplastic polymers, where 
stress build-up occurs during cooling as a result of the mismatch in 
thermal expansion coefficient of the fiber and material matrix [32–35]. 
In turn, the stresses imposed on the polymer melt can orient the contour 
of the polymer chains, a feature that is well known to lower the entropy 
of the chains and, hence, lower the nucleation barrier [36–38]. In our 
case, the growth of the OXA4 crystals will exert local stresses on the PLA 
melt in a similar manner, effectively imposing local shear on the PLA 
chains. The possibility for contour orientation, and hence 
stress-enhanced nucleation, can be evaluated by identification of the 

Fig. 5. Left, first DSC cooling traces taken at a cooling rate of 10 �C/min for systems having varying concentration of OXA2, depicting the characteristic crystal
lization exotherms. Right, the evaluation of the storage modulus observed during cooling at a rate of 5 �C/min for systems having varying OXA2 concentration. 

Fig. 6. Left, Experimental protocol used to identify the effect of OXA4 crystallization temperature on the PLA nucleation process. Right, polarization optical mi
crographs depicting the morphological changes, according to the letters displayed in the experimental protocol. 
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Weissenberg (Wi) number of this process. The dimensionless reptation 
or orientation Wi number is obtained by multiplying the imposed shear 
rate _γ by the reptation time τrep and denotes the possibility for contour 
orientation of PLA chains when the value exceeds unity. In our experi
mental set-up, the local shear rate _γ imposed on the PLA chains is 
approximated by taking the ratio of OXA4 crystal growth rate and the 
OXA4 radius at a given temperature or time. [39], whereas the reptation 
time τrep is obtained from rheology in combination with molecular 
modelling. The calculations used to determine both parameters are 
provided in detail in the Supporting Information. Notice that the Rouse 
Weissenberg numbers were estimated as well, though they are consid
erably lower than unity suggesting that rouse stretch is not realized 
under the experimental conditions of the current study. Instead, ac
cording to the calculations presented in the Supporting Information, 
during isothermal OXA4 crystallization at 140 �C, we observe that the 
growing OXA4 crystals can facilitate local shear rates of 0.6–1.2 s� 1 on 
the PLA melt. This corresponds to Wi numbers for contour orientation of 
PLA chains between 0.3 and 0.6 (considering the whole molecular 
weight distribution) up to 1.8–3.6 (considering the 15% highest mo
lecular weight chains). In other words, this approximation suggests that 
in particular the contour of the high molecular weight PLA chains ori
ents by the shear rates imposed by the growing OXA4 crystals. 
Furthermore, these findings suggest that stress-enhanced nucleation is 
possible under the experimental conditions in this study. 

To reflect, Iqbal and coworkers demonstrated in a recent study that 
shear-enhanced nucleation indeed proceeds when exposing the PLA to 
shear rates as low as 0.1 s� 1 for 10 s at 140 �C [40]. However, though an 
enhancement in nucleation rate was observed compared to the pure PLA 
reference, Iqbal and coworkers observed an induction time of several 
minutes before crystallization proceeds after the application of the shear 
pulse. Furthermore, increasing the shear rate to _γ ¼ 2.0 s� 1 (10 s pulse) 
still resulted in an induction time of more than 100 s before crystalli
zation was observed. Based on these findings, despite the continuous 
increase in both OXA4 crystal length and diameter, which effectively 
imposes a continuous stress on the PLA chains close to the growing 
OXA4 crystals, we would expect longer induction times for PLA nucle
ation and crystal growth than those observed in our experiments. 

In addition, surface roughness, a parameter that is widely considered 
to influence the heterogeneous nucleation process. [41–46], is likely to 
enhance the nucleation process of PLA in the presence of the growing 
OXA4 crystal even further. The argumentation is as follows: Freshly 
grown OXA4 crystal parts are likely to contain defects such as disloca
tions, potentially generating crystals with a high surface roughness. 
Following the findings depicted in Fig. 2, the OXA4 crystals grown at 
155 �C do not facilitate heterogeneous nucleation of the PLA matrix, 
indicating that they might contain less defects and hence a lowered 
surface roughness. The origin of this difference in surface roughness can 
be two-fold. First, the ‘freshly grown’ OXA4 crystal segments contain a 
high number of defects, which reorganize and/or recrystallize during 
the isothermal annealing step at 155 �C. Second, we consider it likely 
that crystals formed at elevated temperatures are already less defected 
resulting from the lower supersaturation of the system, which decreases 
both the crystal growth rate and the chance of defect formation. Either 
way, the OXA4 crystals generated at or exposed to elevated tempera
tures are expected to exhibit low surface roughness, decreasing their 
capability to promote heterogeneous nucleation of PLA. 

To verify these findings from polarized optical microscopy and 
support the above mentioned hypotheses, isothermal crystallization 
studies were performed and subjected to an Avrami analysis [29,31]. To 
this end, PLA samples with and without 2.0 wt% OXA2 were heated to 
190 �C and kept isothermal for 3 min to ensure both the PLA and the 
OXA2 are molten and to erase the thermal history of the sample. The 
sample was cooled at a rate of 50 �C/min to a first isothermal (holding) 
temperature between 145 and 170 �C for 5 min to allow for the gener
ation of OXA2 crystals. Next, the sample was cooled at a rate of 50 
�C/min to 140 �C after which the isothermal crystallization of the PLA 

was monitored (Fig. 7A). As reference, the isothermal crystallization for 
both pure PLA and PLA with 2.0 wt% OXA2 was monitored after cooling 
to 140 �C directly (black and red lines in Fig. 7, respectively). The 
isothermal crystallization exotherms displayed in Fig. 7B clearly 
demonstrate that the PLA reference (black line) crystallizes particularly 
slowly at 140 �C, with a half-time of crystallization (thalf-t0) of 26.5 min. 
In contrast, the presence of 2.0 wt% OXA2 decreases thalf-t0 significantly 
to 4.0 when subjecting the sample to the same experimental protocol 
(red line, Fig. 7B). 

Unfortunately, the samples subjected to a holding temperature of 
145 �C and 150 �C started to crystallize already at the holding temper
ature, preventing us from obtaining a useable crystallization exotherm 
upon cooling to 140 �C and are therefore excluded from further analysis. 
However, as expected, the isothermal crystallization process of PLA with 
2.0 wt% OXA2 at 140 �C is slowed down for samples which were sub
jected to a first isothermal temperature between 155 �C and 160 �C (thalf- 
t0 of 8.5 and 8.6 min, respectively). As can be deduced from Fig. 6, only a 
part of the dissolved OXA2 molecules is taken up in the OXA2 crystals 
growing during the isothermal holding temperature, yielding crystals 
that are unable to promote heterogeneous nucleation upon further 
cooling to 140 �C. Instead, the enhancement in nucleation efficiency 
compared to the pure PLA sample originates from the remainder of the 
dissolved OXA2 molecules that crystallize during/after cooling to 140 �C 
and effectively facilitate the growth of a transcrystalline morphology. 
However, a lower number of heterogeneous nucleation events can be 
expected as a result of the presence of ‘inert’ OXA2 crystals (i.e. without 
the ability to facilitate heterogeneous nucleation of PLA crystals), 
translating into a slower increase of the volumetric crystalline fraction 
(Vc) over time when compared to the same sample immediately cooled 
to 140 �C (Fig. 7C). This effect diminishes for samples subjected to an 
isothermal holding temperature of 165 or 170 �C (thalf-t0 of 5.2 and 4.1 
min, respectively), as the rate of OXA2 crystallization at this holding 
temperature is very low. Accordingly, a high OXA2 concentration re
mains dissolved at the holding temperature and only crystallizes during 
cooling to or upon reaching 140 �C, effectively yielding a scenario very 
similar to the system which was directly cooled to 140 �C. 

The difference in nucleation density in the different systems becomes 
evident when comparing the Avrami plots of the different samples 
(Fig. 7D). For example, for the pure PLA reference (black line) we 
observe n ¼ 2.75, a value significantly larger than for the PLA with 2.0 
wt% OXA2 reference (red line), which yields n ¼ 2.03. Classically, an 
Avrami parameter n of 2 would suggest the growth of 2-dimensional 
crystals and the occurrence of instantaneous nucleation [31], two fea
tures which can be expected in the presence of OXA2 crystals as they 
stimulate transcrystalline PLA crystal growth under the right conditions 
(Fig. 3). The value of n ¼ 2.75 for the pure PLA reference is close to the 
values reported in literature (varying from 2.4 to 3.3) [30,47] and is 
generally attributed to athermal and three-dimensional crystal growth. 
When subjecting the PLA with 2.0 wt% OXA2 to an isothermal holding 
time at 155 �C or 160 �C prior to isothermal crystallization at 140 �C, the 
Avrami parameter n slowly increases to 2.24 and 2.40, respectively, 
suggesting a decrease in nucleation rate and/or a change in PLA crystal 
morphology. As explained above, such a change in nucleation and 
crystallization behavior is expected as part of the OXA2 is depleted 
during the isothermal holding temperature and is unable to facilitate 
heterogeneous nucleation of the PLA upon consecutive cooling. As ex
pected, when increasing the holding temperature further, the Avrami 
parameter n decreases again to 2.11 and 2.27 (holding temperatures of 
165 �C and 170 �C, respectively). We would like to highlight that one 
should consider the obtained Avrami parameters as qualitative given 
that the nucleation and crystallization processes in these samples are 
rather complex combined with the fact that crystallization proceeds in 
some samples already during cooling towards 140 �C (Fig. 7B). Never
theless, these findings depict a clear trend in crystallization behavior 
that supports the observation that OXA crystals grown at elevated 
temperatures are unable to provide surface for heterogeneous 
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nucleation of PLA, and hence, result in a decrease in nucleating effi
ciency of this class of nucleating agents. 

3.4. Optimizing processing conditions for improved PLA nucleation 

Retrospectively, we learned that the OBOC crystal growth should 
proceed at temperatures around 150-145 �C or lower for the formation 
of a transcrystalline PLA morphology on the OBOC crystal surface. The 
critical parameter that drives the OBOC nucleation and crystal growth 
rate is the supersaturation, which is governed by the pure OBOC melting 
temperature, the employed OBOC concentration, and the imposed 
cooling rate [48–51]. In the previous section, we have elaborated on the 
interplay between the OBOC melting temperature, concentration, and 
thermal history on the PLA crystallization morphology (Fig. 4), leaving 
the cooling rate as an additional parameter. When subjecting the sam
ples to increasing cooling rates, a higher supersaturation can be ach
ieved before the OBOC crystallization proceeds from the PLA melt. As 
both the OBOC nucleation and growth rate are generally expected to 
increase with increasing supersaturation [48], the OBOC will crystallize 
with an increasing surface-to-volume ratio, hence there will be more 
surface available for heterogeneous nucleation of PLA [24,25]. In 
addition, increased OBOC growth rates will increase both the local 
stresses imposed on the PLA melt and the defects and surface roughness 
of the generated OBOC crystals. For example, as described in the pre
vious sections, during cooling at a rate of 10 �C/min, the OXA2 is not 
effective in generating a transcrystalline PLA morphology when used in 
a concentration of 2.0 wt%, while the OXA4 and OXA6 systems are. 
However, when subjecting these same samples to a cooling rate of 50 

�C/min, one can observe the OXA2 becomes the most efficient nucle
ating agent when monitoring the isothermal crystallization at 135 �C 
(Fig. 8, left). For example, the crystallization half-time (thalf - t0) 
observed under these conditions is 2.7 min, 8.6 min and more than 30 
min for the systems containing 2 wt% OXA2, OXA4, and OXA6 respec
tively. For comparison, pure PLA displays a thalf - t0 of 17.7 min, indi
cating that the presence of 2.0 wt% OXA6 in fact delays the nucleation 
and crystallization process under these conditions. Such a delay in 
nucleation and crystallization rate is a characteristic feature of a plas
ticizer; Indeed, as observed from Figure S13, OXA6 remains dissolved at 
this temperature and could indeed act as a plasticizer, as we have re
ported for OBOCs dissolved in isotactic polypropylene [24,52]. 

When performing the same isothermal crystallization experiments 
for the PLA containing 2.0 wt% OXA2, but at different isothermal 
temperatures (Fig. 8, right) we observe that PLA crystallization proceeds 
rapidly at 145 �C and lower, in line with the previous findings. However, 
the crystallization half-time (thalf – t0) increases rapidly during 
isothermal crystallization at 150 �C, suggesting that the OXA2 crystal 
growth proceeds sufficiently slow to 1) allow for the PLA phase to relax 
all imposed stresses and 2) develop crystals with a low surface rough
ness. Note, the decrease in PLA crystal growth rate as a function of the 
decreasing undercooling of the PLA melt should be taken into account. 
Nevertheless, the findings displayed in Figs. 7 and 8 confirm that a high 
cooling rate and the selection of a low crystallization temperature 
(�145 �C) are essential for an optimal OBOC nucleation efficiency. 
These features are favorable for use under industrial processing condi
tions, as they generally require high cooling rates. 

Fig. 7. A) Schematic overview of experimental protocol employed to assess the effect the influence of OXA2 crystallization temperature on the isothermal crys
tallization of PLA at 140 �C. B) Isothermal crystallization isotherms (exo up) obtained at 140 �C following the experimental protocol displayed in image A). C) 
Development of the relative volumetric crystalline fraction (Vc) during isotherml crystallization at 140 �C. D) Overview of Avrami plots taking into account the 
development of Vc between 5 and 50% (k in min-n). 
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4. Conclusions 

In this work, we synthesized five different melt-soluble oxalamide 
based organic compounds (OBOCs) and evaluated their nucleation 
mechanism for PLA. The OBOCs indeed dissolve at elevated tempera
tures in the PLA melt and, dependent on the pure OBOC melting tem
perature and the used concentration, crystallizes upon cooling after 
which they provide a surface for heterogeneous nucleation to PLA. 
However, the effective nucleation efficiency seems highly dependent on 
the crystallization temperature of the OBOC from the PLA melt. These 
findings indicate that epitaxy or soft-epitaxy are unlikely nucleation 
mechanisms for these OBOCs. Instead, we identify surface roughness of 
the OBOC crystals in combination with local stresses imposed on the PLA 
melt by the growing OBOC crystals as critical parameters to explain this 
variation in nucleation efficiency. Since both surface roughness and 
OBOC crystal growth rates increase with increasing supersaturation, the 
use of OBOCs as nucleating agents is identified to be more suitable in 
processes where high cooling rates are desired. In this respect, the role of 
OBOCs is rather unique compared to the reported nucleating agents for 
PLAs in the literature. 
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