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Competing crystallization of a- and p-phase
induced by B-nucleating agents in microdroplets
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The nucleation efficiency of substrates towards a specific polymer is usually based on empirical methods,
which depend on the employed experimental conditions. A more quantitative method to study the
efficiency of nucleating agents promoting polypropylene B-phase is reported here. When a polymer is
dispersed into sufficiently small droplets, the overall crystallization kinetics is controlled by nucleation, as
growth can be orders of magnitude faster than nucleation. Confinement of polypropylene containing the
nucleating agent particles into micro-domains (i.e., droplets) within a polystyrene matrix allows the isolation
of the nucleation process and the determination of the surface free energy difference, As. This parameter
describes the intrinsic nucleation efficiency of a particular nucleating agent. Isothermal crystallization
measurements were performed for dispersed polypropylene droplets containing three nucleating agents
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which catalyze the formation of both a- and B-phase (N,N’-dicyclohexylterephthalamide, quinacridone
quinone, and tris-2,3-dimethyl-hexylamide of trimesic acid), and the data were analyzed via a first-order
kinetics model. According to the calculated Ao values, the nucleating efficiency scale is DCHT > TATA >
QQ for a-phase, while DCHT > QQ for B-phase, in spite of the higher total amount of B-crystals generated
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1 Introduction

Isotactic polypropylene (PP) is one of the most employed
polymers. Since its discovery in the 1950s," its crystallization
behavior has attracted the interest of many researchers, and,
after seventy years, fascinating surveys are still being
conducted. The rich polymorphism of PP includes the
monoclinic (a), trigonal (B), and orthorhombic (y) forms.>?
Other recently discovered crystalline phases are the trigonal
form (0)* and the e-phase.” For the sake of completeness, a
structure with a degree of order intermediate between
crystalline and amorphous phase, named mesophase, is
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typically obtained through fast cooling from the melt.® In the
absence of specific nucleators, PP crystallizes essentially in
the a-phase (a = 6.65 A, b = 20.96 A and ¢ = 6.5 A). In contrast,
B-phase (@ = b = 11.01 A, ¢ = 6.5 A) becomes the main form
only when selective nucleating agents are introduced into the
polymer because of its intrinsic low nucleation rate.””® The PP
B-phase was discovered shortly after the first production of
isotactic polypropylene, but its detailed structure involving
frustration of the chain packing was established only in the
90s."°** PP rich in P-crystals shows different mechanical
properties from PP containing o-crystals. Lower modulus of
elasticity, lower yield stress, and higher ductility characterize
B-phase-rich PP with respect to a-phase-rich PP. This is
related to the absence of the cross-hatching morphology
formed by the a-lamellae during the growth process, in which
the tangential lamellae increase the stiffness of the
spherulites.®"

Usually, nucleating agents that are selective to PP pB-phase
also induce the formation of the monoclinic polymorph of
PP. This versatility is caused by the various possible epitaxies
between substrate and a-phase.’* The y-modification of linear
trans-quinacridone was the first highly active B-nucleating
agent introduced. However, it is not completely selective
towards the B-form since it nucleates a non-negligible
amount of o-phase.*’>'® The dual specificity is due to the
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epitaxial growth that occurs in the presence of the 6.5 A
periodicity between the substrate and those two crystalline
phases of PP."® Quinacridone quinone (QQ), another pigment
based on the phthalocyanines, shows greater nucleation
efficiency towards the pB-form than jy-quinacridone."”
Moreover, N,N'-dicyclohexylterephthalamide (DCHT), whose
crystalline structure was only recently disclosed,'® was found
to nucleate PP B-phase through epitaxial growth'®'® due to a
6.5 and a 20 A periodicity between the (001) DCHT plane and
the (110) plane of PP B-form. PP a-crystals are nucleated by
DCHT, although in minor amounts due to the higher
potential energy involved in the interaction between the
chains of the polymer and the cyclohexyl groups in DCHT
molecules.'®'® Another substance with dual nucleating
ability is tris-2,3-dimethyl-hexylamide of trimesic acid (TATA).
The ability of this substance to enhance the crystallization
rate of PP B-form has been recently studied.'>*° The amount
of B-phase developed by TATA was reported to decrease after
reaching a maximum at circa 10-100 ppm.>° Although several
other substances were found to promote the formation of PP
B-phase crystals,””®>'* the present investigation focuses on
QQ, DCHT and TATA.

The comparison of the nucleation efficiency between
different nucleating agents is usually made empirically via non-
isothermal experiments with differential scanning calorimetry
(DSCQ), i.e., by detecting the enhancement of the crystallization
temperature in the nucleated systems.>>>® Another method
based on self-nucleation experiments was proposed by Fillon
et al®?° 1t consists of comparing the enhancement of
crystallization temperature caused by the presence of self-nuclei
in the melt and by the added nucleating agent. Therefore, a
relative efficiency scale can be obtained. However, a more
intrinsic comparison implies the measurement of the actual
nucleation rates, which are not commonly assessed in efficiently
nucleated systems unless viaz indirect methods.*>*' In this
respect, a method has been recently proposed that permits
studying the absolute nucleation rate and the selectivity towards
o- and/or B-phase for specific polymer/substrate pairs. The
crystallizing polymer is confined into small domains within an
inert matrix.>>® If the dimension of the dispersed domains is
at the micrometer scale, some droplets are free from the
heterogeneities that favor nucleation, and, consequently,
fractionated crystallization is observed.”” Indeed, domains
containing the nucleating agent particle will nucleate at low
undercooling (heterogeneous nucleation), while droplets free
from any heterogeneity will nucleate at higher undercooling via
homogeneous or surface-induced nucleation. It is noteworthy
that due to the small dimensions of the dispersed phase, the
growth time becomes negligible with respect to the time needed
for nucleation to occur. Thus, the nucleation process can be
isolated from the contribution of the crystal growth to the
overall crystallization process. Furthermore, the direct
measurement of the nucleation rate allows the calculation of
the surface free energy difference (Ac). Ao describes the
correlation between the surface tension properties of the
substrate, the polymer crystal, and the polymer melt. In other
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words, Ao corresponds to the difference in the system's surface
free energy achieved with the replacement of a substrate/melt
interface with a substrate/crystal and a crystal/melt interface.
Given its independence of the experimental conditions and of
the concentration of the nucleating agent in the polymer, this
parameter permits drawing a universal efficiency scale.***°

This method was already applied by us to study the
nucleation efficiency of different substrates towards PP
a-phase,’® and the present work is intended to extend the
study to nucleating agents promoting PP f-phase. In
particular, this article examines to what extent the
crystallization rate of the o- and p-phase of PP can be
enhanced by three nucleating agents, namely, DCHT, QQ,
and TATA. DCHT and QQ induce both the a- and the -phase
to different extents, while TATA nucleates mainly the a-phase
in the employed systems. The specificity towards a specific
crystalline phase of PP is investigated by means of isothermal
crystallization experiments, and the value of the interfacial
free energy difference, characterizing the nucleation
efficiency of the three substrates, is provided.

2 Experimental
2.1 Materials

An isotactic polypropylene grade, provided by Borealis
Polyolefine GmbH (Austria), with weight-average molecular
weight (My) and polydispersity index (Mw/M,) of 365 kg
mol ™" and 5.4, respectively, was employed as the crystallizing
phase. Moreover, an atactic polystyrene (PS) from Sigma-
Aldrich with My, and Mw/M, of 350 kg mol™ and 2.1,
respectively, was used as an inert medium in the prepared
blends. Finally, three nucleating agents were used. N,N'-
Dicyclohexyl-terephthalamide and quinacridone quinone were
kindly provided by Borealis Polyolefine GmbH, and tris-2,3-
dimethyl-hexylamide of trimesic acid was synthesized by us
and the detailed synthesis method was published earlier.*°

2.2 Methods

2.2.1 Blend preparation. All the samples were prepared in
a Brabender-type internal mixer at 200 °C using a rotor speed
of 100 rpm for 10 min. Masterbatches of PP were first
prepared by adding 2 wt% of a specific nucleating agent and,
subsequently, they were mixed with PS at a constant weight
concentration (80 wt% PS and 20 wt% PP). A blend with PS
and neat PP was prepared, and the same melt-mixing
procedure was applied to neat PP alone as well for more
correct comparison of the crystallization behavior of PP in

Table 1 Composition of the prepared blends

PS PP DCHT QQ TATA
Blend [wt%)] [wt%] [wt% in PP] [wt% in PP] [wt% in PP]
PS/PP 80 20 — — —
PS/PP(DCHT) 80 20 2 — —
PS/PP(QQ) 80 20 — 2 —
PS/PP(TATA) 80 20 — — 2
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the different systems. Table 1 reports all the prepared
compositions, in which the weight concentration of PP
represents the content of PP masterbatches. The employed
concentration of nucleating agent was high, as was done in a
previous investigation,*® because a high number of impurity-
free microdomains may result if a lower concentration is
used.

2.2.2 Differential scanning calorimetry. A TA Instruments
DSC 250 and a PerkinElmer DSC 7 -calorimeter, both
calibrated with indium and operating under a purge of dry
nitrogen (at 50 and 20 mL min " flow rate, respectively), were
employed for the non-isothermal and the isothermal
measurements, respectively. The samples were disks of 4-5
mg encapsulated in aluminum pans.

Standard non-isothermal runs were performed by keeping
the sample at 210 °C for 3 min to erase the crystalline
memory of the material, cooling at 10 °C min™" to 0 °C and,
finally, heating to 210 °C at 10 °C min". A second thermal
program was applied to PP samples containing the
nucleating agents: heating to 210 °C and keeping this
temperature for 3 min, cooling to 110 °C, and then heating
to 210 °C at 10 °C min™". This second heating scan reveals
the nature of the crystals produced during cooling to 110 °C,
ensuring the absence of recrystallization of B-phase crystals
into a-phase crystals, as demonstrated in the literature.*™**

Isothermal crystallization measurements were carried out
by keeping the sample at 210 °C for 3 min to erase the
crystalline history, cooling at 20 °C min™ to the
crystallization temperature (T.), keeping the sample at T, for
a certain time, and then heating at 20 °C min™ to 210 °C for
studying the melting behavior of the crystals formed during
the isothermal step. Crystallization during cooling to 7. did
not occur. This was proven by the absence of any melting
peak during immediate heating from T.. The above thermal
cycle was repeated for different isothermal times at each
selected T.. A new sample was employed for every T, to avoid
degradation of the material that may affect the results.

2.2.3 Scanning electron microscopy. For studying the
morphology of the prepared blends, the internal surfaces of
the samples were prepared by cryo-fracturing under liquid
nitrogen, and then sputter-coating with thin carbon layers
(Polaron E5100) was performed prior to scanning electron
microscopy (SEM) analysis. A field emission SEM (Supra 40
VP model, Zeiss, Germany) was used.

2.2.4 Wide-angle X-ray scattering. Wide-angle X-ray
scattering (WAXS) measurements were carried out in
reflection mode using a Rigaku MiniFlex600 diffractometer
equipped with a Rigaku D/teX Ultra detector and Ni-filtered
CuKoa X-rays.

3 Results and discussion
3.1 Morphological analysis of the blends

Images of the cryo-fractured surfaces of all the prepared
blends are shown in Fig. 1. In all the mixtures, a
homogeneous dispersion of the PP phase can be observed,
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Fig. 1 SEM images of the (a) PS/PP, (b) PS/PP(DCHT), (c) PS/PP(QQ),
and (d) PS/PP(TATA) blend. The scale bar for all the images is the same
and corresponds to 5 um.

regardless of the presence of nucleating agents, and the
desired droplet matrix morphology was obtained.

The diameter of more than 250 droplets was measured for
each blend and reported as a distribution in Fig. S1 of the
ESL} The number- and volume-average diameters (d, and d,,
respectively), dispersity (D), volume fraction of droplets (X,),
and droplet concentration (N;) were calculated according to
the equations proposed in the literature®* and are reported
in Table 2 for each blend. d,, and N; for the blends containing
the nucleating agents are similar to those of the neat PS/PP
blend. This means that as a first approximation, the effect of
droplet size and polydispersity can be neglected when
comparing the crystallization behavior of the different
blends.

3.2 Thermal properties

The DSC standard cooling and second heating scans for neat
PP and PP containing a specific nucleating agent are reported
in Fig. 2a and b, respectively. The calculated values of T. and
melting temperature (T,,) are reported in Table 3.

From the cooling scans in Fig. 2a, it can be observed that
the crystallization of the a- and B-phase (demonstrated by the
subsequent  heating scans, Fig. 2b) takes place
simultaneously, and only one peak is detectable despite the
formation of two different polymorphs. However, the overall
nucleating ability of the different nucleating agents can be
inferred. All three substances enhance the 7. of PP by 10 °C

Table 2 Morphological parameters related to the PP dispersed phase in
the prepared blends

Blend dy[pm]  d,[um] D X, N; [em™]

PS/PP 0.84 1.31 1.56 023  7.32x10"
PS/PP(DCHT)  1.03 1.46 141 023 3.92x10"
PS/PP(QQ) 0.84 1.32 1.57 023  7.28x10"
PS/PP(TATA) 0.87 1.29 148 023  6.57 x 10"

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 DSC standard (a) cooling and (b) second heating scans at 10 °C
min~! of neat PP and PP containing a nucleating agent.

Table 3 Crystallization (T.) and melting (T,,,) temperature of neat PP and
PP with nucleating agent calculated from the DSC curves in Fig. 2

Material T. [°C] Tm [°C]

Neat PP 116.7 147.2, 154.8;% 161.2°
PP(DCHT) 129.8 152.5; 165.8, 167.9”
PP(QQ) 126.6 151.0;" 164.8, 168.6”
PP(TATA) 127.2 150.7;% 164.5”

“ B-Phase peak. ” a-Phase peak.

or more with respect to neat PP. The most efficient additive
in enhancing the overall crystallization rate of PP is DCHT,
followed by TATA and then QQ.

Information about the type of crystalline structure formed
during cooling is given by the subsequent heating scans in
Fig. 2b. Neat PP gives rise to a main melting peak (at circa
160 °C) corresponding to the fusion of a-phase crystals. The
small shoulder at about 145 °C indicates the presence of a
certain amount of fB-phase crystals, whose formation is
favored at low cooling rates and in the absence of impurities
with nucleating activity.*> PP containing the nucleating
agents gives rise to two endotherms. The peaks located at
lower temperature (150-153 °C) are due to the fusion of
B-phase crystals, while the highest melting peaks (164-169
°C) correspond to the melting of a-phase crystals. Part of the
latter type of crystals was formed via the well-known Bo-
recrystallization, which occurs when the sample is cooled
below 100-105 °C.*"*>%%%” The growth rate of the B-phase
becomes lower than the growth rate of the a-phase during
cooling below 100-105 °C, and latent a-nuclei are produced
in B-spherulites.*”*>*® The Borrecrystallization takes place
upon heating samples previously cooled to room
temperature, and it consists of melting of the B-crystals,
recrystallization into a-phase crystals, and melting of such
formed a-crystals.*> More recently, a different explanation
was given by Lu et al.* for the crystallization process taking
place below 100 °C. A small fraction of thinner B-crystals is
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formed below 100 °C, and those lamellae melt at lower
temperatures, favoring the formation of self-nuclei on which
a-crystals can grow upon heating.

However, the three nucleating agents employed in this
investigation are known to be versatile, i.e., they can nucleate
both o- and B-phase crystals of PP. Therefore, DSC cooling
scans from the melt to 110 °C and subsequent heating scans
were obtained for samples of the three systems, and they are
reported in Fig. S2 of the ESLt At 110 °C, the overall
crystallization =~ process can be considered totally
accomplished, and upon subsequent heating, the melting
behavior of the developed crystals can be observed without
Ba-recrystallization. DCHT and QQ give rise to a larger
content of B-crystals than o-crystals, as is apparent when
observing the corresponding calculated enthalpies of
melting. In contrast, for PP containing TATA, the opposite
occurs. The dual nucleating ability of all the nucleating
agents investigated is therefore demonstrated.

In Fig. 3, the DSC standard cooling and second heating
scans for the blends are reported together with the curves for
neat PP (scaled according to the content of PP in the blends)
for comparison purposes. The presence of several separate
crystallization events of PP in the blends is an indication of
the occurrence of fractionated crystallization (Fig. 3a). This
phenomenon, which can be better observed for each blend in
Fig. S3 of the ESI} happens when the number of dispersed
particles is larger than the number of heterogeneities
originally present in the bulk sample.*******%*" During
cooling from the melt, the droplets crystallize at different
undercooling, giving rise to multiple crystallization
exotherms. In fact, depending on their size, different
amounts of heterogeneities can be present in the droplets,
which in turn might determine different nucleating activities.
On the one hand, droplets containing heterogeneities
crystallize at low undercooling, corresponding to the
nucleation efficiency of the specific heterogeneity, ie., via

b)
endo up endo up
T T T T T T
" neat PP (* 0.20) T F 4
E PS/PP(DCHT) E
= 2 PS/PP(DCHT)
o . o b B
o PS/PP(QQ) [
3 3 PS/PP(QQ)
T [ PSIPP(TATA) T Tt 1
< m‘
© [}
1 1 1 1 1 1
10 50 90 130 170 70 100 130 160 190

T [°C] T [°C]

Fig. 3 DSC standard (a) cooling and (b) second heating scans at 10 °C
min~! of neat PP (scaled by the amount of PP in the blends) and of the
prepared blends.
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heterogeneous nucleation. On the other hand, impurity-free
droplets crystallize at large wundercooling due to
homogeneous or surface-induced nucleation.**”*”*%4¢>1 The
enhancement of the crystallization rate of PP generated by
the nucleating agents is also achieved in the blends, with the
same efficiency scale obtained for bulk PP (DCHT > TATA >
QQ). Therefore, it can be stated that the melt-mixing process
did not meaningfully affect the distribution of nucleating
agent particles in the dispersed phase, e.g., by means of
complete migration of the heterogeneities towards the PS
matrix.

In Fig. 3b, the melting behavior of the PP phase in each
blend can be observed. The highest melting peak of PP in the
PS/PP blend is about 10 °C lower than the highest melting
peak of neat PP related to the monoclinic structure, as stated
above. The reason for such a decrease might be related to the
difference in T, between bulk PP and dispersed PP droplets,
i.e., circa 10 °C. However, to establish the crystalline structure
of the crystals present in the PP phase of the PS/PP blend, a
WAXS measurement at room temperature was performed on
a sample of the PS/PP blend after cooling from the melt. The

acquired diffractogram, after subtraction of the PS
a)
endo up
—— 120 min
~—— 100 min
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amorphous halo, is shown in Fig. S4 in the ESL} As can be
observed, only typical features generated by oa-crystals are
present. Moreover, the small endothermic peak located at
around 100 °C in the heating curves of each blend is related
to the enthalpic relaxation of the PS matrix. This is due to
the release upon heating of enthalpy gained during the
physical aging of the material that occurred below its glass
transition temperature.>> The melting curves of the samples
containing the nucleating agents are substantially analogous
to that of the PS/PP blend except for the presence of multiple
melting peaks, especially for the blends containing DCHT
and QQ. The lower melting endotherm can be reasonably
assigned to the presence of a certain amount of -phase.

3.3 Isothermal crystallization experiments

Given the low content of PP in the studied blends, the
amount of latent heat released per unit time by PP during
the isothermal crystallization is low. Therefore, the
crystallization rate was estimated from the corresponding
enthalpy of melting developed during the subsequent heating
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Fig. 4 DSC final heating scans of (a and b) the PS/PP(QQ) blend and (c and d) the PS/PP(DCHT) blend after isothermal crystallization (a and c) at
131 oC for different times and (b and d) at different temperatures (reported on top of each curve) for a time up to saturation of the crystallization
process. The peaks corresponding to the melting of a.- or B-crystals are indicated for each curve.
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scans, as already done in previous publications, a protocol
denoted as isothermal step crystallization.*>**~>3

Examples of heating scans obtained after isothermal
crystallization steps at a certain 7, for different times are
shown in Fig. 4a and c for the PS/PP(QQ) and the PS/
PP(DCHT) blend, respectively. For both these systems, two
melting peaks are distinguishable at ca. 143-147 and 152-
155 °C, and they correspond to melting of - and o-crystals,
respectively. On the one hand, PBo-recrystallization cannot
occur because the heating scans were performed from the
crystallization temperature, ie., above 100-105 °C.*> On the
other hand, the hypothesis that the high melting peak might
be due to melting of B-crystals that were recrystallized from
the B-crystals formed during the isothermal crystallization,
namely pp-recrystallization,** was discarded for two reasons.
The first reason is that no evidence of recrystallization was
found in the non-reversing heat flow curve obtained upon
heating by means of temperature-modulated DSC (TMDSC)
that was performed for some samples after isothermal
crystallization. The total, the non-reversing, and the reversing
heat flow curves recorded for the PS/PP(QQ) and the PS/
PP(DCHT) blends after isothermal crystallization at 131 °C
for 120 min are shown in Fig. S5 of the ESL.t TMDSC permits
the separation of melting and recrystallization processes.>®*>’
It was shown that exothermic transitions are present in the
non-reversing heat flow curve between 140 and 150 °C when
BB- or Pa-recrystallization occurs.>*”” However, in our case,
no exothermic contributions are observable in that
temperature range for the two blends, and thus it can be
stated that the two phenomena do not occur upon heating
the isothermally crystallized samples. In contrast, an
exothermic peak is observable at about 154 °C in both
samples, and it can be related to recrystallization of
a-crystals into more perfect a-crystals (ao-recrystallization).*”
The second reason is that melting of crystals developed in
the PS/PP blend (without any nucleating agent) occurs at
about 152 °C (see highest melting fraction of PP in the curve
corresponding to the PS/PP blend in Fig. 3b). As discussed in
section 3.2, the monoclinic nature of those crystals was
assessed by means of WAXS measurements (Fig. S47).
Therefore, a- and B-crystals are both formed during the
isothermal crystallization step.

As already discussed in section 3.2, DCHT and QQ are
known to possess dual nucleating ability. Thus, the
hypothesis is that in the droplets containing these
substances, nucleation of o- or f-crystals occurs according to
the selectivity of the specific nucleating agent, ie., the
probability of formation of a monoclinic or a trigonal nucleus
at the selected crystallization temperature. In other words,
among the droplets containing the nucleating agent, in some
of them the o-form, and in some others the B-form, is
nucleated. Furthermore, when observing the development of
the two crystalline forms as a function of time in
Fig. 4a and c, two different behaviors can be qualitatively
identified for the PS/PP(QQ) and the PS/PP(DCHT) blend,
respectively. With QQ, at short times, the quantity of
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developed o-phase, i.e., the area under the o-phase peak, is
larger than that of B-phase, while at progressively longer
times the amount of B-phase increases faster than the
amount of a-phase. In contrast, with DCHT, the presence of
the B-phase is significant already at short times, but the
o-phase develops faster with increasing time. The different
behaviors of the two systems were observed at all the
crystallization temperatures employed in this investigation
and are therefore peculiar to each nucleating agent.

In Fig. 4b and d, the heating scans of samples that were
crystallized to saturation through the isothermal step
crystallization procedure at different temperatures are shown
for the PS/PP(QQ) and the PS/PP(DCHT) blend. For both
systems, populations of B- and o-crystals (as indicated in the
plots) are obtained in the whole crystallization temperature
range employed in this investigation and give rise to double
melting peaks. However, the probability of formation of
trigonal crystals decreases faster than that of the monoclinic
crystals when increasing the crystallization temperature. This
is due to the increasing vicinity of the system to the
equilibrium melting temperature (7¢,) of the p-form (170 °C
(ref. 58)) and to the inversely exponential dependence of the
nucleation rate on T9,.** In contrast, T¢, for the a-phase is at
about 185 °C;>® thus, the decrease of a-phase nucleation rate
is less significant with respect to that of the B-phase.

For the PS/PP(TATA) blend, examples of heating scans
after isothermal crystallization at 129 °C for different times
are reported in Fig. 5a. In Fig. 5b, the heating scans of
samples that were crystallized to saturation through the
isothermal step crystallization procedure at different
temperatures are reported. In this system, the low melting
peak related to the formation of B-phase crystals is not well
developed like in the previous systems containing QQ and
DCHT. This is due to the low content of B-crystals that are
nucleated on top of TATA particles, in agreement with the PS/
PP(TATA) heating scans from 110 °C in Fig. S2.f Furthermore,
the same observations regarding the monoclinic nature of
the crystals generating the main melting peak in the heating
scans after the isothermal step crystallization are also valid
for the PS/PP(TATA) blend. Therefore, only the main melting
peak related to the fusion of a-crystals developed during the
isothermal crystallization step was considered for further
evaluation of the nucleation efficiency of TATA towards PP.

The enthalpy of melting was calculated as the area
under the endotherms of the observed crystalline phases.
Thus, for the PS/PP(QQ) and the PS/PP(DCHT) blends, a
single baseline across the melting temperature range of o-
and B-phase was drawn, and the corresponding areas were
calculated by tracing a vertical separation line at the valley
between the two melting peaks, as done in a previous
investigation.’® In contrast, for the PS/PP(TATA) blend, the
total area between the DSC curve and the baseline was
assigned to the o-phase.

Confinement of the crystallizing polymer into small
micro-domains within a matrix is a method that has been
widely used to isolate the nucleation process from the growth
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Fig. 5 DSC final heating scans for PS/PP(TATA) after isothermal crystallization at 129 °C (a) for different times and (b) at different temperatures
(reported on top of each curve) for a time up to saturation of the crystallization process.

process. This occurs when the contribution of the growth
time is negligible with respect to the time needed for
nucleation to happen, and thus nucleation becomes the rate-
determining step for the overall crystallization process.*>**~3°
To verify the compliance of our systems with this condition,
the enthalpy of melting for both PP crystalline structures was
calculated (see example in Fig. 6a), and the data were fitted
with the Avrami equation as described below:
n
AH(t) = AH,, {1— exp(— In2 (Tl (t—to)) )} (1)
c
where AH(t) is the enthalpy of melting achieved after carrying
out the isothermal treatment for a time ¢, AH,, is the final
enthalpy of melting at infinite time at a specific
crystallization temperature, 7. is the half-crystallization time,
¢ty is the induction time, ie., the time elapsed before the
detection of any crystallization, and n is the Avrami index.
The ¢, value was defined by means of the intersection
between the linear extrapolation of the initial crystallization
data and the time axis, as done in previous
investigations.’” For all the studied systems, the values
achieved for the Avrami index are reasonably close to 1 (see
Fig. 6b and c as examples), in agreement with the first-order
kinetic model. This model describes nucleation-controlled
crystallization processes and will be applied to describe the
kinetics of nucleation of the different systems in section 3.4.
The chosen range of crystallization temperatures is within
the range in which the growth rate of B-crystals exceeds that
of a-crystals, i.e., circa 100-140 °C.°*®' A polymorph that was
nucleated first can nucleate another polymorph that grows
faster, giving rise to cross-nucleation.®” However, cross-
nucleation is a selective process, and B-phase was never
found to cross-nucleate on top of a-crystals unless in
oriented systems,*® while o-phase cross-nucleation onto
B-phase crystals was already reported.”®*® Furthermore, we
assume that given the very small dimension of the dispersed
domains, only one nucleating agent particle can be present

1972 | CrystEngComm, 2022, 24,1966-1978

inside a droplet, and once the droplet is nucleated, growth of
the crystalline embryo fills the small volume of the droplet
very quickly. As reported in a previous publication of ours,*’
the time to grow a crystal generated in a micro-droplet is 10
to 100 times shorter than the time for nucleation of that
crystal to happen. Therefore, we can assume that transition
from B-phase to a-phase by means of cross-nucleation cannot
occur in the studied systems.

Saturation of the crystallization process was not achieved
at all the employed crystallization temperatures, and
especially at high T¢, since it would have been required to
keep the sample at T, for extremely long times. However, the
fitting operation by means of eqn (1) allowed us to obtain an
optimized value of AH, that is our best estimate of the
enthalpy of melting at saturation. As an example, the
evolution of the crystallization process (AH(t)/AH..) for o- and
B-phase as a function of time is reported for the PS/PP(QQ)
blend in Fig. S6 in the ESIf for different crystallization
temperatures.

The contribution of B-phase to the overall crystallinity
that developed at the employed T., when saturation of the
crystallization process was achieved, is different for the PS/
PP(QQ) and the PS/PP(DCHT) blend. This information is
reported in Fig. 7 as the B-phase content ratio (X max),
which was calculated as the ratio between the enthalpy of
melting generated by B-crystals at saturation and the total
enthalpy of melting at saturation. QQ is able to nucleate
about double the amount of B-crystals with respect to
DCHT, as apparent from the overlapped data at 128 and
131 °C.

3.4 Quantitative evaluation of the nucleation efficiency

The kinetics of the nucleation process in the studied systems
was quantitatively evaluated through the model of the first-
order kinetics, which can be expressed by the following
equation:**37%3

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Maximum amount of B-phase (X3 max) developed at different
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blend.
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1—Xfax — exp[-IV(t-to)] @)

where X/Xy.x is the volume fraction of droplets already
crystallized, I is the nucleation rate, and V is the droplet
average volume.*>?%*° The ratio X/Xyax is calculated from the
enthalpy-based weight fraction of crystals (AH(t)/AH.), as
expressed below:*”*°

Xomae A pe (4 _ AH()
max AT +/}—ﬂ (1 AL

(3)
)

where p. and p, are the density of crystalline and amorphous
fractions of PP, respectively, and their values (0.949 g cm™
and 0.939 g em™ for o~ and B-crystalline phase, respectively,
and 0.854 g cm™ for amorphous phase) were taken from the
literature.®* Therefore, a straight line should be obtained
when plotting the natural logarithm of (1 — X/Xy,.,) versus (¢ -
ty), and the corresponding slope (IV) is proportional to the
crystallization rate constant.
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Fig. 8 Fitting of data through the first-order kinetic model (eqn (2)) for (a) a-phase and (b) B-phase of the PS/PP(QQ) blend. Induction times are

subtracted for the sake of clarity.

The linearized version of eqn (2) was employed to fit the
data. In Fig. 8a and b, examples of the fitting results for a-
and B-phase crystallization data, respectively, are reported.
The points within the whole conversion range to the
semicrystalline state were used for fitting. The non-perfect
linearity of the data is most likely due to the size
polydispersity of the droplet system. As described by Ibarretxe
et al.,*® the probability of nucleus formation increases with
increasing dimension of the droplets. Therefore, larger
droplets have a higher probability of nucleating at shorter
times than smaller ones, while the latter crystallize at longer
times than expected from the average droplet size.

The average droplet volume calculated from the volume-
average diameter (see Table 2) was employed to obtain the
nucleation rate value from the slope of the fitting lines.
Values of I as a function of T, are reported in Fig. 9a and b
for a- and B-phase, respectively. DCHT is the nucleating
agent with the highest nucleation rate and thus the highest
efficiency towards both a- and B-phase of PP. TATA nucleates

a)

— 102 T T T T T T T T

—— a-phase DCHT
—@— o-phase QQ
—A— g-phase TATA

10" .

10" 1

Nucleation rate [nuclei cm™s”

0° L L L L L
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T, [’C]

136 138 140 142

o-phase significantly faster than QQ in the extremes of the
crystallization temperature window employed in this work,
while at intermediate temperatures, TATA nucleates slightly
faster than QQ and slightly slower than DCHT. Finally, QQ
shows a lower nucleation rate than DCHT in the whole T,
range explored despite the higher total relative fraction of
B-phase that was developed for the blend nucleated with QQ
with respect to the blend containing DCHT (see Fig. 7).

To understand the reason for the differences in the
nucleation rates observed among the studied nucleating
agents, an intrinsic parameter of the polymer/substrate pair
that is independent of experimental conditions and suitable
for comparing the nucleating ability of different nucleating
agents towards a specific polymer is the surface free energy
difference (As). This parameter describes the correlation
between the surface tension properties of the substrate, the
polymer crystal, and the polymer melt.>* The more favorable
the substitution of a surface/melt interface with a surface/
crystal and a crystal/melt interface, the lower is the value of

b)
—10"2 T T T r T r . T
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Fig. 9 Nucleation rate for (a) a-phase in the three systems and (b) B-phase in the blends containing DCHT and QQ.
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Ac and thus the more efficient the nucleating agent is. The
evolution of the nucleation rate with the crystallization
temperature allows us to calculate the value of Ag.?%%%°

According to the theory of heterogeneous nucleation, the
nucleation rate can be expressed in the linearized form as
follows:*®

U* 1600c Ao TS? 1
= Log(lo) - p 3
2.303R(T-T.) 2.303kAh¢* T(ATS)

Log(I) + (4)

where I, is a temperature-independent frequency term, U* is
the activation energy related to the transport of chain
segments across the phase boundary, R is the gas constant, T
is the selected crystallization temperature, 7, is the
temperature below which all motions associated with viscous
flow cease, ¢ and o. are the lateral and base surface free
energy of the crystals, respectively, k is Boltzmann's constant,
AT is the undercooling (= TS, ~T), Ak is the heat of fusion
per unit volume of crystal at 79 and f is a correcting factor
(=271/(T +T%,)), which accounts for the variations of the
heat of fusion with temperature when a large range of
supercooling is investigated. Therefore, when plotting the
nucleation rate data according to eqn (4), Ao can be obtained
from the slope of the line that fits the data (see Fig. 10). The
employed values for the constant parameters in eqn (4) are
reported in Table 4 for o- and B-phase.

Table 4 Constant parameters of eqn (4) employed for the calculation
of A

Parameter o-Phase B-Phase

U* [erg mol']%° 6.28 x 10"° 6.28 x 10"°
T., [K]°® 232 232

oo, [erg” em ™! 732.3 520

79, [K]*° 458 443
Ahy[erg em ™™ 2.088 x 10° 1.949 x 10°

This journal is © The Royal Society of Chemistry 2022

The calculated Ao values for each pair of PP polymorph
(o- or PB-phase) and substrate (DCHT, QQ or TATA) are
reported in Fig. 11. The efficiency scale of the different
nucleating agents towards the two PP polymorphs agrees
with the nucleation rate values reported in Fig. 9, i.e., DCHT
> TATA > QQ for the o-phase and DCHT > QQ for the
B-phase. The efficiency scale towards the o-phase reflects
the overall nucleation ability that was noticeable from the
non-isothermal cooling scans reported in Fig. 2.
Nevertheless, Ac is independent of the experimental
conditions employed and of the concentration of the
substance in the crystallizing polymer. The Ac value for the
PP f-phase/QQ pair is close to the value obtained in a
previous investigation for a similar system.*® For DCHT and
TATA, the Ac values with the two PP polymorphs are
reported here for the first time, and thus no comparison to
values taken from the literature can be made.

4.0 T T T
25 [ Ja-phase
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30} I -
£ 25T l l 1
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[}
@. 20 F _|_ B
|
15} [ l -
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T
1
05 -
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Fig. 11 Calculated Ao value for o- and B-phase of PP with different
substrates.
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For the PP B-phase/DCHT pair, the very low value of Ag,
i.e., below unity, is likely due to the occurrence of epitaxial
growth of PP B-crystals on top of DCHT crystals.'® In previous
investigations, values below one were found in systems where
lattice matching between the crystallizing polymer and the
nucleating substrate was proved.****°>%>¢” This result agrees
with the known high nucleation efficiency of DCHT towards
PP B-phase.®>'* For QQ, no specific reports about epitaxial
crystallization with PP are present in the literature to the best
of our knowledge. However, we note that epitaxy is confirmed
for the structurally similar y-quinacridone.’® The higher Ac
with respect to DCHT might indicate a worse crystallographic
matching between PP and QQ compared to that between PP
and DCHT.

Furthermore, the ratio between B-phase and a-phase Ac is
circa 0.5 and 0.6 for DCHT and for QQ, respectively. The
lower is this ratio, the more favored is the formation of
B-crystals. This reflects the higher nucleation rate of DCHT
with respect to QQ towards PP [-phase. However, QQ
generated a higher amount of B-phase crystals than DCHT
(see Fig. 7). Therefore, we notice that selectivity and the ratio
between B-phase and o-phase Ac are not straightforwardly
related.

4 Conclusions

Given the challenge in separating nucleation from crystal
growth, several studies focused on the determination of the
difference in the overall crystallization rate (for both o- and
B-phase) of polypropylene containing different nucleating
agents. In contrast, this work represents a first step towards the
understanding of the nucleation rate in polypropylene
containing a specific nucleating agent promoting f-phase
crystals. Nucleation rate values and the surface free energy
difference, Ag, were obtained here for dispersed polypropylene
droplets containing three nucleating agents with dual
nucleating ability, namely N,N-dicyclohexylterephthalamide
(DCHT), quinacridone quinone (QQ), and tris-2,3-dimethyl-
hexylamide of trimesic acid (TATA). In the employed range of
isothermal crystallization temperatures, DCHT and QQ give rise
to both a- and p-crystals, while TATA nucleates mainly
o-crystals. According to the calculated Ac values, the nucleation
efficiency scale is DCHT > TATA > QQ for a-phase, while DCHT
> QQ for p-phase. Furthermore, despite the faster nucleation
rate of polypropylene containing DCHT, the total amount of
B-phase developed during isothermal crystallization of the
polypropylene/DCHT pair is about half of that achieved for the

polypropylene/QQ pair.
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