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The nucleation processes in waterborne Maleic Anhydride-grafted-Polypropylene micro- and nano-
droplet suspensions have been studied. Compared to a previous report on this topic, an extended set of
samples in combination with improved particle size distribution data of the samples have been used,
which are both essential for the advancement of the analysis.

Self-nucleation was utilized to ensure that the observed lowered fractionated crystallization (peak)
temperatures – down to the extremely low value of 34 �C – are due to a lack of seeds in the droplets, which
seeds for the polypropylene system used are normally active at the heterogeneous crystallization tempera-
ture of approximately 110 �C. An unusual self-nucleation behavior was observed in case of samples having
a large amount of small droplets, requiring an extremely low self-nucleation temperature in order to suppress
all crystallization at the lowest temperatures. Such behavior was observed for block copolymers but has not
been reported so far for droplets dispersed in an immiscible matrix, polymeric or not. Another unusual
behavior was observed for some self-nucleation temperatures for which apparently two different populations
of self-nuclei are created that are suggestive of the a1 and a2 crystal structures of isotactic polypropylene.

Next, two new methods are presented to quantify various crucial parameters of the nucleation
process: one estimates the density of nucleants acting at different temperatures from the combination of
dynamic DSC data and particle size distribution (PSD) data, and the other one focuses on the nature of
the nucleation mechanism using both isothermal DSC data and PSD data, quantifying the nucleation rate
at different temperatures. For the present MA-g-PP dispersions the latter method leads to the conclusion
that the lowest crystallization temperatures reflect sporadic nucleation, probably by way of volume
(homogeneous) nucleation.

In the field of polymer crystallization, polymer dispersions are usually treated as being monodisperse,
even though that is rarely the case. This simplification is inadequate for the present calculations, which is
why polydispersity has been taken into account in order to quantify the density of nucleants and the
kinetics of nucleation. Though in the present study DSC data are used for the calculations, the methods
developed can be easily adapted to other techniques like time-resolved X-ray, rheometry and dilatometry.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

It is now-a-days generally accepted that in polymer particles,
dispersed in a matrix, fractionated crystallization at increased
supercooling is the consequence of the lack of high-temperature
active nucleating impurities in part of the particles and the presence
, Ridder Vosstraat 6, 6162 AX
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of lower-temperature active ones in the remaining part of the
particles, and that in case of complete absence of active impurities
homogeneous nucleation occurs at even higher supercoolings [1–9].
Especially relevant to the topic of this paper are the reviews pub-
lished by the group of Müller on fractionated crystallization
phenomena for polypropylene [10], which covers the findings on
fractionated and homogeneous nucleation for isotactic poly-
propylene, and on the crystallization phenomena observed for block
copolymers [11], while these reviews also discuss more general
aspects of fractionated and homogeneous nucleation phenomena.

Isothermal crystallization of dispersed polymeric materials has
been commonly performed to determine quantities like surface
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energies of chain-folded polymer and alkane crystals, (e.g. [12,13]),
and homogeneous nucleation rates, (e.g. [13,14]). Mainly for
simplicity of the analysis of the results, in mostof the published works
the dispersions were considered to be monodisperse. However, it was
pointed out already by Turnbull [15] that the particle size distribution
can affect the nucleation kinetics significantly. Nevertheless, there
have been only a few attempts to take into account the size
distribution in the analysis of experimental data (e.g. [15–18]).

Besides, nucleation at very low temperatures has been commonly
attributed to homogenous nucleation without clear proof, as has
been demonstrated by Barham et al. who found that the previously
reported homogeneous crystallization temperatures for poly-
ethylene were too high [19].

In this paper the nucleation rate and nucleation density of
Maleic Anhydride-grafted-Polypropylene (MA-g-PP) dispersed in
water are studied in detail. First, the results of self-nucleation
experiments are presented in order to ascertain that the increased
supercooling is due to a lack of the most (high-temperature-) active
heterogeneities in the polymer droplets. Then, particle size distri-
bution (PSD) data are used in combination with standard cooling
DSC measurements in order to estimate the number of heteroge-
neities active at the various temperature ranges where DSC peaks
are observed in samples displaying fractionated crystallization.
Moreover, isothermal DSC and particle size data are also treated
with the aim of determining whether the nucleation observed at
the lowest crystallization temperature is due to sporadic nucle-
ation, and to evaluate the nucleation rate at that temperature.

The analysis proposed here is generic and can be applied to any
crystallisable material dispersed in a matrix having any particle size
distribution. Thus, the methods can also be applied to experimental
crystallization data obtained by techniques other than DSC by
applying a few simple modifications.

2. Experimental

2.1. Materials

The polymer used in this study is a Maleic Anhydride-grafted-
Polypropylene (MA-g-PP), Epolene E43, produced by Eastman
Kodak. The polypropylene of the MA-g-PP is a highly isotactic
molecule containing 7.8 mass% maleic anhydride and having
a weight average molar mass of 9000 g/mol. The surfactant used is
a polyethylene oxide [15] hydrogenated talloamine, RN(C2H4O)x-
H(C2H4O)YH, where Xþ Y¼ 15 in average and R is an alkyl group
from hydrogenated tallow. The dispersions were prepared at
temperatures above the melting point of MA-g-PP and under the
pressures resulting from the evaporation of water due to the
increased temperatures. To this end, the materials were loaded in
Table 1
Formulation parameters of the MA-g-PP dispersions prepared in the pressure vessel.

Sample I II III IV

Polymer content (mass %) 24.2 25.2 27.0 29.0
Surfactant content (mass %) 1.3 1.4 0 0
KOH content (mass %) 1.0 1.1 2.6 2.8
Water content (mass %) 73.4 72.4 70.4 68.2
Emulsification temperature (�C) 185 185 200 200
Main stirrer speed (rpm) 300 80 300 300
Secondary stirrer speed (rpm) 0 0a 1250 1250
Emulsification time (min)b 30 35 40 40
Protocol typec 1 1 1 1

a The main stirrer was replaced by another one having a slightly different design whi
b Processing time at the indicated emulsification temperature and stirring speeds.
c 1 stands for the protocol in which all materials were loaded from the beginning of t

during the emulsification.
an autoclave, heated to the desired temperature (175 �C–200 �C),
stirred for some time (20–40 min) and then cooled down to room
temperature. The materials used and the method of preparation of
these dispersions have been explained in more detail elsewhere
[20]. The details of the preparation of the eleven dispersions to be
discussed are shown in Table 1.

2.2. Methods

For the DSC measurements a Perkin Elmer Pyris-1 was used.
High-purity nitrogen was utilized as purge gas. High-pressure
stainless-steel pans (Perkin Elmer’s product number B0182901)
were chosen to ensure that the water remained liquid up to the
highest measuring temperatures. Sample masses ranged from 10–
15 mg (including water mass). Three kinds of DSC measurements
were carried out: standard cooling measurements; self-nucleation
measurements and isothermal measurements after cooling from
the melt. The standard cooling measurements and the self-nucle-
ation measurements were performed at 5 �C/min. Isothermal
measurements were done after cooling at 5 �C/min from the melt
and then holding the sample at the desired isothermal crystalli-
zation temperature until the crystallization was completed.

Prior to all DSC experiments the thermal history of the dispersed
polymer was completely erased by keeping the sample for 5 min at
190 �C, which is 30 �C above the final melting point of the MA-g-PP
used.

The self-nucleation experiments were performed following the
procedure published by Fillon et al. [21]. After erasing the thermal
history the sample was cooled down to 0 �C at 5 �C/min, heated up
to a temperature close to the final melting point, Ts, at 5 �C/min,
kept there for 5 min, cooled down to 0 �C at 5 �C/min, and finally
heated up to 190 �C at 5 �C/min. Here the cooling curve after
holding at Ts and the subsequent heating curve are presented.

For the PSD determination, dynamic light scattering measure-
ments were performed using a back-scattering set-up (ALV-NIBS
High Performance Particle Sizer, ALV Gmbh, Langen, Germany),
operating at angle of 173

�
and at a wavelength l¼ 632.8 nm (He/Ne

laser, with output power of 3 mW). The conversion of the correla-
tion function into the diffusion coefficient and into the particle size
distribution was made automatically by the software. This method
has accuracy limitations due to the assumptions made in the
mathematical model used by the software to convert the measured
data into size distributions. Besides, interpretation of the scattering
data becomes erroneous for particles larger than 1–3 mm because
the effect of gravity overrules Brownian motion, which is the
phenomenon this method is based on.

In addition, the mathematical method for conversion of the
correlation function into a diffusion coefficient and then into
V VI VII VIII IX X XI

29.5 18.6 22.6 23.1 23.0 25.0 41.5
1.7 3.6 1.3 1.3 1.3 3.0 11.8
2.7 1.8 2.1 2.1 2.1 2.4 4.0
66.1 76.0 74.0 73.4 73.5 69.6 42.7
190 165 185 190 185 165 200
300 100 80 300 300 300 350
1000 400 0a 1000 1000 1000 1000
30 30 30 30 30 15 30
1 1 1 1 2 1 2

le the secondary ones were removed.

he experiment and 2 for the protocol in which extra water was added
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a particle size distribution is based on algorithms derived for unim-
odal dispersions. Thus, if the dispersions are not unimodal an extra
source of error is introduced.

As a result, the particle size distribution assessments presented
in this paper, and the conclusions based on the calculations made
thereof, should be interpreted bearing these limitations in mind.

An Olympus BH-2 optical microscope with a JVC TK-C1381 video
camera was used for optical microscopy measurements. For the
determination of the density of heterogeneous nuclei acting at the
usual crystallization temperature, a sample of known thickness
(200 mm) was cooled down from 200 �C to room temperature
between two glass slides in a Mettler hot stage and monitored by
optical microscopy. The cooling rate was 5 �C/min in order to repli-
cate the conditions of the DSC experiments. The number of spher-
ulites formed in a known image area – and thus, known sample
volume – was then manually counted and converted into a number
of spherulites per unit volume. Each spherulite is assumed to have
grown from a single seed and thus the density of seeds could be
estimated.

This method may introduce some error in the final result since it
is highly probable that some spherulites have gone unnoticed being
hidden behind bigger ones. A second source of error could be the
wall-effect due to the presence of the limiting glass slides between
which the polymer is contained. Indeed, nucleation could be trig-
gered by the glass and therefore the amount of spherulites could be
higher in that region or, if the glass doesn’t affect nucleation, in the
vicinity of the glass the density of spherulites should appear a little
lower than in the bulk. Therefore, the thickness of the polymer
sample was chosen to be large enough to easily host many fully
developed spherulites – to diminish the influence of the glass slides –
and at the same time to be thin enough not to miss too many
spherulites growing behind other ones. Therefore, the error is
estimated not to be larger than one order of magnitude, which is
adequate for the purpose of this article.

3. Results and discussion

3.1. Particle size

Dispersions of MA-g-PP in water having particle sizes ranging
from a few micrometers to submicron diameters were prepared, as
previously reported [20]. A total number of eleven samples have
been chosen instead of the five dispersions discussed in the
previous paper in order to improve the statistics of the estimation of
the number of nucleating impurities existing in the polymer, which
determination will be presented hereafter. The samples chosen
show the three sought nucleation behaviors, i.e. heterogeneous
nucleation, fractionated crystallization, and nucleation in a single
step at a maximum degree of supercooling, which possibly reflects
homogeneous nucleation. The PSD data published in [20] were
obtained with a Coulter LS230, which has a lower size limit of
0.04 mm. This resulted to be above the minimum particle size
present in the samples. In Fig. 1 PSD data covering the whole range
of sizes present in the samples and obtained by DLS are shown.
Besides, Table 2 provides the number and volume percentage
average particle sizes of the samples. The samples have been named
and ordered according to the PSD measurement, samples S-I and
S-XI being the ones with the largest and the smallest size averages,
respectively. The five dispersions used in our previous paper, which
are named A, B, C, D and E, are included here as well: S-I corresponds
to former Sample A, S-III to Sample B, S-VI to Sample C, S-V to
Sample D and S-XI to Sample E.

Samples S-IX and S-X, and S-XI, lie within the size range that can
be correctly measured by DLS (see Fig. 1). Besides, for samples S-IX
and S-XI the (number percent) size distributions are practically
unimodal, and although the size distribution of S-X is clearly
bimodal its polydispersity is very low. Thus, the characterization of
the size distributions of these three samples is expected to be
accurate.

On the other hand, samples S-I to S-VIII contain multimodal,
broad PSDs, with particle sizes clearly extending to values above
3 mm. The correct assessment of the PSD of these samples using DLS
is difficult and the results have a poor reliability. Besides, probably
due to the large size of some of the particles (or maybe agglom-
erates), the reproducibility of the measurements was seen to be low
since a single large particle crossing (or not) the laser beam during
the measurement will alter the results considerably.

A sample preparation problem may also have been interfering
with the DLS measurements since the dispersions were diluted
prior to the evaluation of the PSD. Therefore, the data from DLS will
be used taking into account that for this reason the data could be
inaccurate to some extent.

In addition to the limitations for the assessment of the charac-
teristic particle sizes, also the shape of the size distribution of the
sample renders it sometimes complicated to sort these samples
according to the PSD data since the number average particle size
(Dn) and the weight average particle size (Dw) don’t always follow
the same trend. This is the case for the ordering of samples S-III and
S-VI, S-IV and S-V, S-V and S-VI, and S-VII and S-VIII. In the case of
the pair S-IV and S-V, the sample classified in Table 2 as having
larger particles shows a lower Dw and a higher Dn. On the other
hand, for the rest of the pairs it is Dn which doesn’t agree with the
ordering presented in the Table.

Two important concepts have to be clarified at this point. First,
Dn is very influenced by small particles, while Dw is mainly deter-
mined by the large ones. Secondly, concerning the amount of
polymer crystallizing at each temperature, the total mass (or
volume) of the droplets of each size range is important, yet not their
amount. Thus, the volume average diameter is more important
than the number average diameter in this kind of study. Therefore,
the chosen order is given by the evolution of Dw. This is especially of
importance in case of samples S-III and S-IV, S-V and S-VI and S-VII
and S-VIII.

The DSC curves shown in Fig. 2 are of great assistance to under-
stand the adopted order for the pair S-IV and S-V. In this case it is
observed that the sample having a lower Dn, i.e. S-V, provides more
crystallization at low temperatures, thus in accordance with the
trend in Dn, see Fig. 1a. At the same time, the same sample has
a larger Dw and provides more crystallization at high temperatures,
see Fig.1b, which is what would be expected as well. Thus, compared
to sample S-IV, sample S-V shows more low-temperature crystalli-
zation and at the same time also more high-temperature crystalli-
zation, while S-IV shows more intermediate crystallization.
Therefore it becomes difficult to chose the right order in such a case.
However, the order is not significant for the analysis performed and
thus the fact that it is difficult to establish one does not pose any
further contrariety.

In the pairs in which the Dn order is altered the situation is similar.
Taking as an example the pair S-V and S-VI, it is observed that sample
S-V having a higher Dw shows more heterogenous nucleation, as
expected. It also has a lower Dn and therefore more low-temperature
crystallization would be expected. Compared to S-VI the lowest
crystallization temperature is slightly higher but it shows almost no
intermediate crystallization. This behavior would be expected from
a sample with a strong bimodality in which the large-size population
lies above the size limit for which lower crystallization-temperature
peaks appear and the small-size population lies below the limit for
which a single crystallization peak at a maximum degree of super-
cooling appears. This is most likely the situation here, as suggested
by the number and volume percent PSDs.
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3.2. Self-nucleation

Self-nucleation is a well known method in the field of crystal-
lization of polymers in which the sample is thermally treated in
order to create a number of partially unmelted crystallites that act,
upon cooling, as extra nucleants [21]. This method has been used to
prove that the observed extra supercooling in dispersed polymers
is due to the presence of droplets free of impurities that are capable
of acting at the bulk crystallization temperature, (e.g. [22,23]). In
a polymer sample dispersed as particles in a matrix, the production
by this method of enough seeds leads to a situation in which all
polymer particles contain entities that are active as nucleants and
that trigger crystallization at temperatures equal or higher than the
bulk crystallization temperature. The effect of the experiment is
clearly visible – even when the polymer is not dispersed – as
illustrated in Fig. 3, where the self-nucleation experiment results
for neat MA-g-PP are presented. The corresponding highest
temperatures in the melt, chosen for the study of self-nucleation
and named hereafter the ‘‘self-nucleation temperature’’, Ts, are
plotted next to each curve.

In the case of neat MA-g-PP, for starting temperatures in the
melt above (approximately) 165 �C, both subsequent crystallization
and melting remain unchanged. Below 165 �C, the crystallization
peak starts to shift to higher temperatures and to broaden, meaning
that self-nucleation has set in. As Ts is decreased, the crystallization
peak moves towards higher temperatures. This is because at lower
Ts the number and size of the remaining crystallite residues is
larger, and therefore crystal growth can proceed at more locations
simultaneously resulting in a magnified overall crystallization rate.

Similarly, the self-nucleation effects are also visible in the
melting curves for Ts below 165 �C. In Fig. 3(b) a slight change is
observed in the melting curve for Ts¼ 162 �C with a little
Table 2
Number average (Dn) and mass average (Dw) particle size data for eleven dispersions
named S-I to S-XI, as obtained by dynamic light scattering measurements.

A B D C E
I II III IV V VI VII VIII IX X XI

Dn (mm) 4.5 4.3 1.9 2.1 1.1 1.9 0.42 0.59 0.19 0.15 0.06
Dw (mm) 52.3 39.4 38.4 29.4 34.3 21.3 6.3 3.6 1.4 0.36 0.10
enlargement of the first melting peak. For Ts¼ 160 �C the enlarge-
ment is much more marked and at the same time a shift towards
higher temperatures is observed. These two tendencies are
confirmed for Ts¼ 158 �C. Indeed, crystallites formed at higher
temperatures are thicker and also have a higher degree of perfec-
tion, and this leads to higher melting temperatures. Also a larger
amount of polymer crystallizes as a consequence of the multiplied
number of nuclei. This can be deduced from the broadening of the
crystallization peaks in the DSC cooling traces of Fig. 3(a) and more
clearly recognized from the enlargement of the melting peaks of
Fig. 3(b), involving in both cases a larger enthalpy of transition and
therefore a larger amount of polymer involved. The increase of both
0 20 40 60 80 100 120 140 160 180 200
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S-X
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Fig. 2. DSC cooling curves of neat MA-g-PP (top) and samples I to XI.
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the melting and crystallization enthalpy is noticed in the Ts range
between 165 �C and 158 �C as Ts is decreased.

If Ts is lowered to 156 �C, the broadening and shifting of the
crystallization peak are still seen. Expectedly, the crystallization
enthalpy seems to be lower than for higher Ts values. In addition,
a new melting peak appears for this Ts. This new melting peak
appears on the high-temperature side of the melting peaks, at
a slightly higher temperature than the other peaks. At this point,
the method applied leads besides to self-nucleation also to
annealing. When a low enough self-nucleation temperature is used,
the part of the polymer that remains unmelted becomes large. The
unmelted crystallites were kept at Ts for a few minutes and at this
temperature they undergo annealing and by that reorganization
into more perfect and/or larger structures. When the polymer is
cooled down in the next step, a smaller amount of material can
crystallize since part of it was never melted. Then, during the
subsequent heating, two melting events can be observed: one at
lower temperatures for the crystallites that have formed during
the cooling step, and a second one at higher temperatures for the
crystallites that were annealed at Ts. Since the perfection/size of the
annealed crystallites is higher/larger respectively, they melt at
higher temperatures.

If Ts is decreased further, more material remains unmelted
during the self-nucleation step, and therefore less crystallization is
observed upon cooling leading to a larger melting peak caused by
an increasing amount of annealed material. Besides, since the
0 20 40 60 80 100 120 140 160 180 

142 
148 
152 

156 

160 

162 

134 

168 

200 

164 

H
e
a
t
 
F
l
o
w
 
R
a
t
e
 
(
a
.
u
.
)
 

Temperature (°C) 

a 

Fig. 4. DSC curves of sample S-IV, including curves showing self-nucleation. (a) Coolin
temperatures in the melt/self-nucleation temperatures (Ts

�
C) are indicated next to the cur
temperature at which the unmelted crystallites are annealed (Ts) is
lower, their perfection becomes lower as well, resulting in a lower
melting temperature. Thus, once annealing sets in, if Ts is lowered
less crystallization is observed upon cooling, a larger part of the
enthalpy of melting is due to the annealed crystallites, and these
crystallites melt at increasingly lower temperatures. For very low Ts

values, like 146 �C or lower, there is no visible crystallization upon
cooling, except for maybe some directly after cooling starts, which
is then masked by the transient starting signal of the DSC. When Ts

is below 140 �C, the melting curves begin to recover the shape of
non self-nucleated samples except for an extra shoulder on the
low-temperature side, where annealing at low temperatures leads
to perfection/size increase of the least stable crystallites. No
appreciable crystallization takes place upon cooling since practi-
cally no material is melted at Ts.

Fig. 4 presents (a) the cooling curves of sample S-IV after fully
erasing the thermal history and after introducing a self-nucleation
step and (b) the subsequent heating curves into the melt.

As an exception to the very reproducible thermal behavior in all
other dispersions, sample S-IV shows a slightly different cooling DSC
curve after the first cooling and the second heating cycle. After
Ts¼ 168 �C and Ts¼ 164 �C a shift towards slightly higher tempera-
tures is observed at the high-temperature side (around 60 �C) of the
low-temperature crystallization peaks.

In the cooling curves the effects of self-nucleation are first
observed by lowering Ts to 164 �C causing the high-temperature
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peak to be slightly larger and broader at the high-temperature side.
For Ts¼ 162 �C, the effect is more pronounced and the high-
temperature peak clearly moves to higher temperatures. Besides,
the high-temperature side of the broad crystallization exotherm at
lower temperatures has disappeared. Moreover, the crystallization
enthalpy related to the high-temperature peak is clearly enlarged.
Thus, some of the particles have been self-nucleated and they
crystallize at higher temperatures than usually and to a larger
extent. The bigger the particles, the higher is the crystallization
temperature [20] and, for the same reason, the higher the proba-
bility of being self-nucleated. Therefore, self-nucleation affects the
high-temperature (‘‘large size’’) side of the DSC curve first.

As Ts is lowered towards 156 �C, the outcome follows the same
trend: all low-temperature crystallization tends to disappear and
adds to the peak at high temperature, which displaces towards even
higher temperatures. Down to this temperature all the melting
curves look unchanged regardless Ts, except maybe for a decrease in
the total area of the exothermic peak around 95 �C, which corre-
sponds to the polymer crystallizing at low temperatures. Crystallites
formed at low temperatures reorganize into more perfect structures
upon heating, which is observed as a broad, and seemingly small
exothermic peak in the DSC curve. If, due to the self-nucleation
treatment, less material crystallizes at low temperatures, then also
less material will recrystallize upon heating.

The word ‘‘seemingly’’ is used because of the fact that the low-
crystallization peak is not clearly accompanied by a melting peak at
low temperatures. Most probably this is caused by strong reorga-
nization processes (including a continuous process of (re)melting/
recrystallization) during heating across a wide temperature range,
and the ‘‘seemingly small exothermic peak around 95 �C ’’ just
reflects some cold crystallization/recrystallization as part of the
reorganization process. Thus the melting related to the low-
temperature crystallization peak shifts towards high temperatures
and even merges with the high-temperature melting peak. Only by
using extremely high heating rates of the order of 10 000 �C/s –
dependent on the polymer at hand – the reorganization process can
be effectively hindered or even suppressed by which ‘real’, initial
melting occurs at the expected lower temperatures [24].

For Ts¼ 156 �C, a new melting peak appears on the right side of
the usual one. This endotherm is due to the melting of crystals
having a higher degree of perfection and/or have larger size
resulting from annealing during the self-nucleation step. By
decreasing Ts further, the low-temperature crystallization peaks
become less visible but there is less crystallization at high
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temperature as well. At this stage, an increasingly important part of
the material remains unmelted during the self-nucleation cycle and
therefore less and less crystallization is observed. Finally, for
Ts¼ 134 �C, there is almost no crystallization at low temperatures.

When the annealing is performed at lower temperatures, the
crystallites addressed have lower melting temperatures, leading to
a shift to lower temperatures of the resulting ‘valley/peak’
(meaning decreased endo/increased endo heat flow rates respec-
tively) shaped part of the melting curve connected to the annealing
temperature, Ts. In addition, it is noticeable that shifting annealing
to lower temperatures increases the amount of material involved,
which is reflected by an increase in enthalpy of fusion of the part of
the melting curve addressed. That is very apparent if one compares
the melting curves after self-nucleation at 152 �C and at 142 �C.

For low Ts values (134 �C and below), most of the material
remains unmolten. Hence, what is observed in the heating curve is
a superposition of the usual melting curve with the valley/peak due
to the annealing of crystallites.

In the extreme case of sample S-XI, having an unimodal PSD
situated in the sub-mm region, the DSC cooling curve from 200 �C
downwards only exhibits a low-temperature crystallization peak.
Interestingly, Fig. 5 shows that upon cooling after Ts¼ 160 �C,
a small crystallization peak of unknown origin is evident around
135 �C. This phenomenon seems to move to slightly higher
temperatures when Ts is decreased to 158 �C by which crystalliza-
tion starts immediately upon cooling.

For sample S-XI, self-nucleation of the low-temperature crys-
tallization peak starts at the same Ts¼ 152 �C as in case of sample
S-IV. Unexpectedly, for this self-nucleation temperature, a new,
broad crystallization exotherm appears around Ts¼ 113 �C in
addition to a crystallization event taking place during the start of
the cooling. Speculatively, there are two populations of self-nuclei
with different activities. In the case of MA-g-PP this original
behavior could be explained considering the a1 into a2 transition
sometimes taking place upon heating [25,26] and which has been
observed to happen at approximately 150 �C in the polymer dis-
cussed here [20]. If Ts is such that self-nuclei of both the a1 and a2

modifications of the monoclinic polymorph of MA-g-PP are
present, upon cooling the most perfect nuclei (a2) could trigger
crystallization at higher temperatures (around 135 �C) and the less
perfect nuclei (a1) would only activate once lower temperatures
(around 113 �C) are attained. This phenomenon can only happen
for Ts values in the range where a1 and a2 coexist, which is probably
the case in these measurements.
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For sample S-XI it is necessary to decrease Ts to 134 �C to
eliminate all crystallization at low temperatures, while still
observing some crystallization at the start of the cooling. The
melting curves are very similar to those of sample S-IV. Signs of
annealing appear approximately for the same Ts and they become
more important as Ts is lowered. There is one additional observa-
tion to be done in the melting curves of both samples, although it is
more evident for S-XI. During heating the DSC traces display
a broad exotherm around 95 �C due to the reorganization of the low
perfection/small crystallites, formed at low temperatures, into
more stable ones. For the curves where the self-nucleation tech-
nique is efficient, the reorganization process is less important or
even vanishes completely due to the decrease of the amount of
material crystallizing at low temperatures.

According to Fillon et al. [21], usually three domains exist in
which Ts may be situated. In the case of S-IV domain II (self-
nucleation domain) extends from 164 �C to 156 �C for the largest
particles. However, for the smallest particles, domain II is not
existent and in order to self-nucleate them domain III (self-nucle-
ation and annealing domain) has to be reached. Sample S-XI
behaves similarly, and in this case most of the particles require very
low Ts in order to undergo self-nucleation. Absence of domain II in
block copolymers has previously been reported [11,27], but it has
never been observed for dispersions of crystallisable polymers in an
immiscible matrix. This anomalous behavior is due to the vast
number of self-nuclei necessary to switch the low-crystallization
temperature of a large number of droplets to higher temperatures,
which requires a very low Ts.

3.3. Estimation of the density of nucleants

By counting the number of spherulites resulting from crystalli-
zation during cooling from the melt at 5 �C/min of a sample of neat
MA-g-PP of known volume, it was possible to estimate the amount
of nucleation sites per unit volume from optical microscopy
measurements. The resulting value was approximately
w106 nuclei/cm3. The calculation was performed as explained in
the experimental section. The observed nucleation process was
thermal, with new nuclei forming continuously during cooling
until crystallization ended.

Even in the case of an even distribution of nucleants across the
polymer droplets, 106 nuclei/cm3 would just be approximately
enough to heterogeneously nucleate the totality of the droplets
present in a sample having just one droplet size of 100 mm-diam-
eter. The sizes of the droplets in all samples presented here are
smaller than that and thus it would be expected that in the samples,
at most, only partial heterogeneous nucleation at the highest
temperature could occur. Notwithstanding this outcome of the
reasonable calculation, the DSC cooling curves clearly reveal that
for two of the dispersions nucleation takes place exclusively
heterogeneously and at nearly the same temperature as in the bulk,
i.e. triggered by the same type of nucleants. Therefore, it is obvious
that the nucleation density estimated from the bulk is not fully
representative of the situation in the dispersions. An explanation of
this difference is that in the bulk many of the seeds will not have
the opportunity to trigger primary nucleation because the most
active ones have already formed enough crystallites to space-fill the
whole sample volume. In the dispersions each droplet acts inde-
pendent of the rest and they all need to be nucleated separately.
Since the size of the droplets is smaller than the average spherulite
size formed in the bulk, a larger number of impurities have the
chance to become active, which however, in turn, requires a slightly
higher degree of supercooling than in the bulk resulting in the
slightly lower crystallization temperatures of samples S-I and S-II,
see Fig. 2.
In order to estimate more precisely the number of nuclei acting
at the highest crystallization temperature observed for MA-g-PP,
the combination of PSD data and DSC crystallization curves has
been analyzed in detail.

When considering the results of this analysis, it should be born
in mind that the nucleation density could be affected by the pro-
cessing of the samples [28], or by the composition if any of the
components stimulates or hinders nucleation [29]. Moreover,
the confinement of MA-g-PP by small domains could also affect the
nucleation density. For the data treatment presented further on it is
assumed that the heterogeneous nucleation density doesn’t vary
with composition and particle size or during the processing. It is
also assumed that the polymer droplets that undergo nucleation
are completely consumed and cannot experience further nucle-
ation at lower temperatures. This assumption is justified by the
behavior observed in the bulk and in samples S-I and S-II where,
once crystallization has happened, there is no further nucleation at
lower temperatures. In the dispersions, the developed crystallinity
is affected by the particle size and crystallization temperature [20].
The temperature dependence of the crystallization enthalpy is
known [30] and has been taken into account for the calculations
[31]. A confinement dependence of the crystallinity has been
observed in the samples as concluded from crystallinity data pub-
lished previously [20]. The data presented in that paper show that
the crystallinities of neat MA-g-PP and of sample S-I are slightly
different, being lower in the dispersion, even though crystallization
occurs at practically the same temperature in both of them. This
effect is difficult to account for and it might be an error source in the
determination of the amount of particles, especially for the lower
crystallization-temperature peaks, shown by smaller particles.

It has been shown that a non-monodisperse character of the
dispersions affects nucleation in a significant manner [16–18] and
therefore the PSD data were used for the analysis, instead of the
average diameter values. To this end, the discrete size classes
provided by the ALV-NIBS High Performance Particle Sizer were
used, treating each of these size classes as strictly monodisperse.

The probability of occurrence of seeds in the MA-g-PP follows
a Poisson distribution [32]. Thus, the probability for a particle of
volume V of a MA-g-PP containing N nuclei/cm3 to contain one or
more impurities (i.e. to undergo heterogeneous nucleation) is given
by:

P ¼ 1� e�N$V (1)

The enthalpy of crystallization per size class produced by
nucleation by a certain type of impurity can be calculated as

DHi ¼ Vi$Dhc$Pi (2)

where Vi is the total volume of the droplets in class i, Dhc is the
enthalpy of crystallization per unit volume, and Pi is the probability
of crystallization of the droplets in class i. The summation to all
classes i of Equation (2) in combination with Equation (1) leads to
the total enthalpy of crystallization at the considered temperature:

DH ¼
X

i

Vi$Dhc$
�

1� e�N$Vi

�
(3)

Since the enthalpy of crystallization induced by each type of
nucleating impurity can be calculated from DSC experimental data,
the only unknown in Equation (3) is the density of nuclei N, which
therefore can be calculated. Then, using the density of nuclei
formed at the considered crystallization temperature the PSD of
uncrystallized droplets can be calculated. The method can then be
applied to other crystallization temperatures, obtaining the
number of nuclei acting at each crystallization temperature in
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a sample where fractionated crystallization is observed. Finally, the
total density of active impurities can be calculated by adding the
density of nuclei obtained for each crystallization temperature.

The accuracy of these estimations is mainly determined by the
accuracy of the PSD assessment, the degree to which different
crystallization temperatures (types of nuclei) can be properly
differentiated in the DSC curves, and of course by the correctness of
the assumptions stated before. Table 3 reveals the results of the
estimation of the number of impurities for two crystallization
temperatures (110 �C and 54 �C). These temperatures have been
chosen as being the ones present in the largest number of samples.
Many more DSC peaks are observed in the curves of Fig. 2 but,
although theoretically possible, in practice the available PSD data
lack the accuracy needed to consider them all separately. Besides,
most of the intermediate peaks are not isolated but overlapping
each other and the way to deconvolute the enthalpies for each type
of impurity is arbitrary. For this reason, for the crystallization at
54 �C broad crystallization regions were taken as resulting from
a single crystallization phenomenon. The third data column of the
Table displays the maximum amount of active impurities that can
be present in the MA-g-PP if samples S-IX, S-X and S-XI are to
crystallize solely at the lowest crystallization temperature, as seen
from the DSC cooling traces of Fig. 2. These values were estimated
using Equation (3) to find the maximum N value for each of the
three samples for which crystallization – triggered by that density
of impurities – would account for less than 1% of the total crys-
tallization. That 1% limit was chosen as a value below which the
heterogeneous crystallization would be difficult to observe by DSC.
The so estimated N is not at all the actual density of nuclei of the
three samples, but the upper limit for that density.

It is clear from Table 3 that the figures obtained for each
dispersion vary notably, covering a range of nearly three orders of
magnitude for the case of crystallization at 110 �C, and even more
for crystallization at 54 �C. First of all, the determination of the
enthalpy of crystallization at each temperature and its trans-
formation into crystallized mass of MA-g-PP is not unambiguous.
The presence of overlapping DSC peaks renders the task difficult.
Moreover, the lack of accuracy of the PSD determination accounts
for an important part of the discrepancies, as pointed out before.
Nevertheless, the averages of the number of impurities seem to be
consistent with the maximum number of active impurities
obtained for samples S-IX, S-X and S-XI and presented in the third
data column of Table 3. It is possible to observe in Fig. 2 that sample
S-XI undergoes crystallization in a narrow temperature range
resulting in a narrow DSC peak. The DSC peak of S-IX is narrow as
well, but a small shoulder is visible on the high-temperature side.
This shoulder, although ignored for the calculation of the amount of
Table 3
Estimation of the number of impurities active at two different temperatures (110 �C
and 54 �C) and the maximum possible amount of impurities per gram of MA-g-PP for
samples S-IX, S-X and S-XI assuming full crystallization at the lowest temperature.

110 �C 54 �C Max. Amount

S-I 1.5Eþ 09 – –
S-II 5.0Eþ 09 – –
S-III 1.8Eþ 07 1.5Eþ 10 –
S-IV 8.2Eþ 06 2.0Eþ 10 –
S-V 1.3Eþ 07 4.0Eþ 06 –
S-VI 3.9Eþ 07 1.1Eþ 08 –
S-VII 4.0Eþ 08 5.6Eþ 08 –
S-VIII 2.5Eþ 09 4.5Eþ 09 –
S-IX – – 1.0Eþ 09
S-X – – 1.0Eþ 11
S-XI – – 1.0Eþ 13

Geom. Average 1.7Eþ 08 8.3Eþ 08 –
impurities, indicates that in a tiny fraction of the droplets of the
sample nucleation is triggered at slightly higher temperatures. The
cause for this shoulder could be the existence of a small fraction of
particles having relatively large sizes that crystallize in absence of
seeds [18] but it could also be that the amount of nuclei is just large
enough to trigger a little but distinguishable heterogeneous
nucleation. The PSD data show that the average particle size is more
than one order of magnitude larger in sample S-IX than in S-XI,
which explains the presence of the higher temperature crystalli-
zation, but it is not enough to discern the nature of the shoulder.

For the analysis presented above it was assumed that only the
lowest crystallization temperature is due to impurity-free nucle-
ation, but so far there is no proof to state that crystallization at
other temperatures is triggered by impurities. Reports exist on
homogeneous nucleation of Polyethylene oxide happening at
different temperatures due to considerable differences in particle
size [18]. In principle this could be the reason for observing so many
crystallization peaks at lower temperatures and especially the
reason for having the lowest crystallization temperature ever
reported for iPP in this kind of experiments [20,33]. Nevertheless,
according to the reasoning of Massa et al. [18], a sample with
a broad but continuous PSD cannot show a discrete crystallization
behavior. Thus, since in some of the samples discussed here
nucleation occurs both at the lowest temperature as well as at
higher temperatures – while the nucleation events occur at discrete
temperatures and not across a very broad range of temperatures
extending down to the lowest temperature – the possibility that
several of the observed crystallization peaks are due to homoge-
neous nucleation can be ruled out.

It is therefore reasonable to assume that intermediate crystal-
lization peaks are due to heterogeneous nucleation, and therefore
not intrinsically different from the origin of the highest tempera-
ture crystallization peak. As for the lowest temperature peak, in the
next section a deeper insight into its nature will be given.
3.4. Nucleation kinetics

If we assume that once a droplet is nucleated the crystallite
formed covers the entire droplet volume fast enough, then only one
primary nucleation event occurs in each droplet. This assumption,
which is often used in the field of polymer crystallization in
dispersed systems, becomes increasingly appropriate as the particle
size is decreased and as the supercooling is increased. In sample S-XI
the particles are extremely small and crystallization takes place at
extremely large supercoolings. In such a sample, the primary
nucleation happening in a droplet without active impurities is
random and independent [13], which is often referred to as sporadic
nucleation. In a perfectly monodisperse system and at constant
temperature this kind of primary nucleation is described by

N=N0 ¼ e�k$t (4)

where N/N0 is the fraction of droplets unfrozen at time t and N0 is
the total number of droplets that undergo nucleation. The defini-
tion of k depends upon whether volume nucleation, k¼ IV$V, or
surface nucleation, k¼ IA$A, occurs. IV and IA are the volume
dependent and surface dependent nucleation rates, respectively; V
is the volume of the dispersed particles and A their surface area.
Thus, plotting Ln(N/N0) versus t straight lines of slope – k should be
obtained for sporadically nucleated samples. Fig. 6 presents the DSC
isothermal crystallization data for sample S-XI.

Although not far from it, the experimental data plotted in Fig. 6
do not follow completely straight lines. This doesn’t forcedly mean
that the observed nucleation is not sporadic. A plausible explana-
tion is found, once more, in the polydispersity of the PSD. Sample
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S-XI, although the least polydisperse of all reported samples, covers
a range of particle sizes of one order of magnitude. A difference in
diameter of one order of magnitude transforms into a difference of
two or three orders of magnitude in the exponential factor of
Equation (4). The probability of developing a nucleus is propor-
tional to the volume (or surface area) of the droplet. Larger droplets
have a higher probability of being (semi-)crystalline after a certain
time than smaller ones. In terms of the plot of Fig. 6 this means that
particles that are larger than the average will crystallize faster and
the absolute value of LnN/N0 will be lower at shorter times than
expected for a monodisperse sample when these particles undergo
crystallization. But, once most of the large particles are (semi-
)crystalline only the ones smaller than the average particle size
remain molten and these tend to take longer time to undergo
nucleation than expected for the average particle size. As a conse-
quence, at longer times the absolute value of LnN/N0 will be higher
than for the average particle size. Thus, the plots of Fig. 6 may
perfectly correspond to sporadic nucleation.

If a polydisperse polymer dispersion is considered Equation (4)
is not correct [16,17]. However, if the particle size data of the
dispersion are known, each size class of a discrete PSD data set can
be treated as an independent, practically monodisperse system and
Equation (4) can be applied for each class as follows:

NiðtÞ=N0i ¼ e�ki$t (5)

where Ni(t)/N0i is the fraction of droplets of size class i unfrozen at
time t and N0i is the total number of droplets of class i that undergo
nucleation. The definition of ki depends upon whether volume
nucleation, ki¼ IV$Vi, or surface nucleation, ki¼ IA$Ai, occurs. Vi is
the volume of the particles of class i and Ai their surface area. The
fraction of unfrozen droplets is related to the enthalpy of crystal-
lization by

NiðtÞ=N0i ¼ 1� DHiðtÞ
DHTi

(6)

where DHi(t) is the enthalpy of crystallization of the droplets of
class i at time t and DHTi is the total enthalpy of crystallization of the
droplets of class i at the experimental temperature. The overall
fraction of crystallization is calculated by considering all size classes
present in the sample:

DHðtÞ=DHT ¼
P

i DHiðtÞP
i DHTi

(7)

where DHT can be calculated as

DHT ¼ VT $DhT (8)

where VT is the total dispersed phase volume and DhT is the total
crystallization enthalpy per unit volume. If the enthalpy of crys-
tallization per unit volume is not influenced by the particle size,
then the enthalpy of crystallization is evenly distributed over the
volume of dispersed polymer and thus

DHiðtÞ ¼ VT i$DhT (9)

where VTi is the total volume of the droplets in size class i.
Combination of Equations (5–9) results in

1� DHðtÞ=DHT ¼
P

i VT i$
�

1� e�ki$t
�

VT
(10)

In Equation (10) ki has to be replaced by IV$Vi or IA$Ai for volume
or surface nucleation, respectively. Then the only unknown is IV or
IA, since VT is one of the experimental parameters, DH(t) and DHT are
obtained experimentally from the DSC curves and Vi (or Ai) are
known from the PSD data.

In practice, however, DHT can be difficult to obtain experimen-
tally using DSC. First of all, achieving the end of the isothermal
crystallization may take a long time at the highest temperatures
and problems of sensitivity of the DSC can be encountered at some
point. Secondly, for the lowest temperatures crystallization may
have started before the isothermal crystallization temperature is
reached. Moreover, it has been assumed that the crystallization
enthalpy is not affected by the particle size (within the size range of
each sample) but the sample on which this method is applied here
(i.e. S-XI) contains droplets as small as 10–20 nm, where the
confinement and reduced volume may be enough to influence the
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degree of crystallinity and/or the microstructure of the crystallites
(and therefore the enthalpy of crystallization).

Therefore, in this analysis both IV (or IA) and DHT are used as
fitting parameters. A priori, it is not possible to know whether
sporadic nucleation occurs and whether it is volume or surface
nucleation. The fitting of the experimental data using both IV and IA
is expected to allow discrimination between all three possibilities.
In Fig. 7 the calculation based on volume nucleation fits the
experimental data properly whereas the best fit for surface nucle-
ation is less optimal. The observed crystallization clearly displays
the kinetics of sporadic nucleation but, although the volume
nucleation possibility seems more likely, it would be too chancy to
discard surface nucleation based on the fits of the experimental
data in Fig. 7.

In order to verify that it is not possible to fit the data of samples
undergoing heterogeneous nucleation properly using the sporadic
nucleation concept, the same treatment was applied to a system in
which heterogeneous nucleation is known to occur, i.e. S-I. Indeed,
fitting the experimental data in a satisfactory manner turned out to
be impossible, as it is shown in Fig. 8, which presents the best fit of
the isothermal crystallization data of sample S-I considering
sporadic by volume nucleation. The attempt to fit the data
considering sporadic by surface nucleation was also unsuccessful.
In conclusion, the analysis applied is capable of discerning between
heterogeneous and sporadic nucleation by either volume or surface
nucleation.

Table 4 presents the nucleation rate values obtained by fitting
the DSC isothermal crystallization data of sample S-XI at different
temperatures considering sporadic by volume and surface nucle-
ation, and taking into account the distribution of particle sizes.
Table 4
Sporadic by volume and surface nucleation rates obtained from fitting the DSC
isothermal crystallization data of sample S-XI taking into account the polydispersity
of the sample.

Tiso (
�
C) Iv (No.Nucl./s cm3) Ia (No.Nucl./s cm2)

36 1.5Eþ 13 2.2Eþ 07
37 6.8Eþ 12 1.3Eþ 07
38 3.8Eþ 12 8.9Eþ 06
39 2.4Eþ 12 7.9Eþ 06
40 1.7Eþ 12 6.1Eþ 06
Finally, the sporadic by volume nucleation data for S-XI are
compared with those provided by Koutsky et al. for isotactic Poly-
propylene [14]. Fig. 9 shows the estimated sporadic by volume
nucleation rate (IV) versus supercooling for both sets of data.

The linear extrapolation to larger supercoolings of the data
published by Koutsky et al. is not in disagreement with the values
obtained here for MA-g-PP, taking into account that Koutsky et al.
published data of crystallization between 84 �C and 96 �C, whereas
the data presented here have been obtained at temperatures
between 36 �C and 40 �C. Thus, even if we accept that in both cases
the nucleation was homogenous, the temperature difference is very
large and the assumptions made by the group of Koutsky (that
some of the parameters used to estimate the nucleation rate remain
constant over a certain temperature range) need not to hold over
such a wide range [31]. Therefore, extrapolation of the values
obtained by Koutsky to the temperatures dealt with in the present
study need not to be linear.
4. Conclusions

The nucleation of MA-g-PP dispersed as droplets in water has
been studied in detail. A set of eleven dispersions was used
showing a gradual transition from fully heterogeneous crystalliza-
tion around approximately 110 �C – slightly lower than the bulk
crystallization of neat MA-g-PP – via fractionated crystallization to
(homogeneous?) crystallization at an extremely high degree of
supercooling, at temperatures around approximately 34 �C. Similar
study systems were also used by Weber et al. They realized a very
high supercooling by way of low-temperature polymerization of
polyethylene in water leading to stable dispersions of polyethylene
nanoparticles in water [34]. Also, recently Jin et al. studied the
thermal behavior of confined polypropylene samples and found
a supercooling comparable to the figure presented here using
a different sample preparation technique that consisted in
producing polypropylene nanolayers by layer-multiplying coex-
trusion and then obtaining nanoparticles by thermally breaking up
the nanolayers [33].
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The crystallization behavior of our eleven samples was studied
by dynamic and isothermal DSC experiments and the data obtained
were interpreted to clarify the nature of the nucleation phenomena
involved.

Self-nucleation was studied by varying the highest temperature
in the melt: the ‘‘self-nucleation temperature’’, Ts. An anomalous
self-nucleation was encountered for the smallest MA-g-PP droplets
in water. For these droplets, self-nucleation/domain II is completely
absent and the combination of annealing and self-nucleation/
domain III has to be applied to force a shift of the crystallization peaks
towards higher temperatures as for neat MA-g-PP. This phenomenon
has only been observed hitherto for very small domains in block
copolymers. The experiments proved that the extreme extra super-
cooling/extremely low temperatures realized for some dispersions is
only due to the lack of active impurities inside the droplets.

Interestingly, it was observed that for a certain Ts range
coexistence of two types of self-nuclei is possible for MA-g-PP.
These two types of seeds speculatively could correspond to the a1

and a2 modifications. They induce crystallization at different
temperatures upon cooling, according to the perfection of the
nuclei themselves, which trigger growth of crystallites of
different stability. The existence of the two alpha (monoclinic)
modifications is known since long, but their possible influence on
the self-nucleation of MA-g-PP has gone unnoticed until now, as
far as the authors know.

A method for the estimation of the number of active impurities
at each crystallization step in polydisperse samples is presented as
well. This procedure takes into account the influence of the particle
volume in these calculations, which is seldom done in the field of
polymers but which has a paramount effect on the results. Appli-
cation of this method to each of the eleven samples led to nucle-
ation densities covering three orders of magnitude approximately.
Probably, the relative lack of accuracy of the PSD data, the simplistic
separation of all heterogeneous crystallization into two peaks and
the sometimes ambiguous determination of the enthalpy of crys-
tallization are the causes for the discrepancies found. However, the
averages of the nucleation densities estimated for each sample are
consistent with the calculated maximum number of nuclei in order
to still observe seed-free nucleation in sample S-IX, which sample
has the largest particles among the samples that crystallize exclu-
sively at the lowest crystallization temperature, around approxi-
mately 34 �C.

A second method for the calculation of the seed-free nucleation
rate of polydisperse systems crystallizing isothermally is presented.
Again, the novelty of this procedure is that it takes into account the
variation in particle size. The method allows determining whether
the observed nucleation is sporadic and, if so, the surface or volume
nucleation rate can be calculated. Application of this method to
a sample crystallizing at maximum attained supercooling proved
that sporadic nucleation occurred, and most likely by volume
nucleation (homogeneous nucleation).

The two procedures for treating dynamic and isothermal crys-
tallization data are generic, and can be applied to any sample of
which the PSD is well determined. Moreover, with a few simple
modifications, these methods could be used to retrieve the same
kind of information from other measuring techniques like time-
resolved X-ray, ultrasonic spectroscopy, rheometry, etc.: bulk
techniques by which crystallization can be followed as function of
time. Such kind of information, together with the PSD, provides
enough input for the two procedures presented here.
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