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Abstract. We present a study of homogeneous and heterogeneous nucleation in polymer crystallisation.
In bulk samples the crystallization is typically dominated by nucleation from defects (heterogeneous nucleation), and consequently studies must rely on sample preparation to minimize this eﬀect. We present a
study of nucleation within discrete droplets of poly(ethylene oxide) that are formed by the dewetting of a
thin ﬁlm on an unfavourable substrate. The samples provide an ensemble of impurity-free droplets, with
length scales that can easily be measured. We show that the data for heterogeneous and homogeneous nucleation is qualitatively diﬀerent, and that the data mirrors the fundamental diﬀerences in the underlying
mechanisms for the two nucleation processes. The experiments presented here provide a simple method
that can be used to study heterogeneous and homogeneous nucleation in great detail.
PACS. 61.41.+e Polymers, elastomers, and plastics – 68.55.-a Thin ﬁlm structure and morphology –
81.10.-h Methods of crystal growth; physics of crystal growth

1 Introduction
Semi-crystalline polymers are commonplace, yet aspects
of crystallisation in polymers, are still poorly understood
and enthusiastically debated [1–5]. In order to gain understanding there has been much recent activity focused on
systems in conﬁnement [6–29]. One reason for exploring
conﬁnement eﬀects is that conﬁned systems are becoming
increasingly widespread as devices and materials are constrained due to miniaturisation. In addition, fundamental
insight can be gained as the conﬁnement length scale approaches intrinsic length scales of the system studied. The
latter may prove useful in gaining a better understanding
for crystallisation in the bulk.
There have been several approaches used to study conﬁned systems. A very fruitful avenue has been conﬁnement
of crystalline domains in the many micro-phases of block
copolymer systems. For example, conﬁnement in one-,
two- and three-dimensions can be realised in the lamellar, cylindrical, and spherical micro-phases [6–11,22,23].
The block copolymer systems are somewhat limited by
the fact that each new length-scale requires the synthesis
of a new polymeric system. This limitation is overcome by
conﬁnement in thin ﬁlms (one-dimensional conﬁnement),
a
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since the preparation of various thicknesses can be trivial [12–21,24–29].
The crystallisation rate (the rate with which a material
crystallises) depends on both the crystal nucleation rate
and the crystal growth rate [1]. While most of the work on
polymers has focused on the crystallisation rate [7–14], or
the growth rate of individual crystals [15–21], relatively
little work has been carried out on the nucleation rate
of crystals [22,23,30–34]. The diﬃculty associated with
studying nucleation rate is that there are two mechanisms
by which nucleation can occur: heterogeneous and homogeneous nucleation. Heterogeneous nucleation occurs due
to defects in the system (substrate defects, chain defects,
contaminants, addition of nucleating agents, etc.) which
can pre-dispose a site to nucleate at the defect. The effect of such a heterogeneity is to reduce the energy barrier
to nucleation. The second mechanism by which crystals
can nucleate, homogeneous nucleation, is spontaneous in
origin (self-nucleating). Work by Olmsted, Ryan and coworkers focused on the formation of heterogeneous nucleation sites and observed spinodal density ﬂuctuations as
a precursor to this process [35,36]. By comparison to the
defects which facilitate nucleation at heterogeneous sites,
the homogeneous mechanism has a higher activation barrier, and as a result requires the greatest supercooling. In
practice this means that for most systems heterogeneities
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cause the nucleation of crystals, making homogeneous nucleation elusive. One very elegant approach to study nucleation was ﬁrst used by Vonnegut to study tin [37] and
later adapted by others to study various metallic and organic systems [38,30–34]. The approach is conceptually
very simple: if a system is subdivided into a greater number of isolated compartments than the number of heterogeneities, then some of the compartments must be void
of defects. The compartments free of defects can only nucleate via a homogeneous process. The typical approach
to creating small volumes is to disperse droplets (through
phase separation, or by using an atomiser) in some other
medium [37,38,30–34]. The time scale of crystal growth
is typically very short compared to the time scale of nucleation because the droplets are small. This separation
of time scales makes studying nucleation, independently
from crystal growth, possible. More recent approaches
have used the micro-phases in block copolymer systems
to prepare small volumes of crystallisable material in order to study crystallisation kinetics [7–11,22,23].
An important study by Reiter and co-workers recently
introduced a diﬀerent approach to studying nucleation:
atomic-force microscopy (AFM) was used to directly visualise crystallisation of poly(ethylene oxide) (PEO) in the
spherical domains of a diblock copolymer [23]. Reiter et al.
found that the system needed large supercooling in order
to facilitate homogeneous nucleation. The crystallisation
could be resolved in time and space. It was found that
there was no correlation between neighbouring spherical
sites.
In this paper we focus on the kinetics of homogeneous and heterogeneous nucleation. Optical microscopy is
used to investigate nucleation in small domains in a manner that is very similar to some of the early work using
droplets dispersed in a low molecular-weight medium [38,
30–34]. The samples used in this study are dewetted ﬁlms
of PEO on a polystyrene (PS) substrate. Though there
are still some outstanding questions, the general process
of dewetting is by now fairly well understood [39–41]. In
particular, from dewetting studies we know that it is possible to control a broad distribution of droplet sizes by
changing the ﬁlm thickness of the dewetting layer. For
small droplets where gravity can be ignored, in equilibrium each “droplet” is a spherical cap (there can be a
small deviation from this near the contact line). The geometry of the spherical caps is deﬁned by the contact angle
of the dewetting material on the substrate. A fundamental
diﬀerence between work previously carried out and the nucleation study presented here is that the interface of the
droplets of PEO is very well deﬁned. In particular, the
spherical surface of the droplet is exposed to the ambient
atmosphere (Argon or vacuum in this work), while the
ﬂat surface of the droplet, the base, is a PS-PEO interface. The PEO ﬁlm is prepared on a PS substrate which
is kept below the glass transition temperature of the PS
at all times. As a result, the interfacial width between the
droplet and the substrate is expected to be very sharp:
∼ 1 nm, based on the interfacial width of an other immiscible system held below the glass transition [42]. In addi-
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Fig. 1. Schematic diagram of the sample geometry before (a)
and after (b) annealing at T = 90 ◦ C. After a long annealing
treatment the PEO ﬁlm dewetted into many small droplets on
a PS substrate.

tion, the PS substrate is clean and reproducible, making
this an ideal system for the study of nucleation. A further
advantage of using dewetted droplets for the study of crystallisation is that the broad distribution of droplet sizes
provides an opportunity for the study of the dependence
of the nucleation rate on length scale [43].

2 Experiment
The samples consisted of a clean Si substrate with a bilayer of PEO on top of PS (PEO-PS-Si). All polymer was
obtained from Polymer Source (Dorval Quebec, Canada).
The PS (Mw = 2 100 000, Mw /Mn = 1.16) was dissolved
in toluene (mass fraction of 2%) and spincoated onto the
Si substrates at 4000 r.p.m., resulting in a ﬁlm with thickness h ∼ 200 nm. These ﬁlms were then annealed in vacuum at 115 ◦ C for 12 hours to remove any residual solvent, and to relax the polymer chains, as much as possible,
into their equilibrium conformation. PEO (Mw = 27 000,
Mw /Mn = 1.09) was dissolved in acetonitrile (mass fraction of 2.5%) and spincoated onto the PS-Si substrate at
4000 r.p.m., resulting in a PEO ﬁlm with h ∼ 70 nm.
After the preparation of the PEO-PS-Si ﬁlms (Fig. 1a),
the samples were annealed in vacuum for long periods of
time (> 24 h) at a temperature of T = 90 ◦ C. The annealing temperature is well above the observed melting
temperature of PEO (Tm ∼ 64 ◦ C) but below the glass
transition temperature of the PS substrate (Tg = 98 ◦ C).
Under these conditions, the PEO ﬁlm dewets on the unfavourable PS substrate resulting in small droplets of PEO
(Fig. 1b). After the annealing procedure the sample is
transferred (while being held above Tm ) to a commercial microscopy hotstage which is held at 90 ◦ C (Linkam
THMS-600, temperature control to within 0.1 ◦ C). The
hotstage was ﬂushed at all times with Argon to ensure
that the samples were always in a dry atmosphere.
The crystallisation of the PEO droplets was monitored
using optical microscopy with nearly crossed polarisers
(under the nearly crossed polariser condition, amorphous
droplets still show some contrast with the substrate). Image sequences were taken with a CCD camera to follow the
crystallisation of the droplets. The amorphous droplets
appear dark when viewed with nearly crossed polarisers,
and become bright once crystallised. The images enable
us to determine the time at which a speciﬁc droplet crystallises, as well as the PEO-PS interfacial area of the
droplet. In addition, the surface morphology of the crystallized droplets was characterised using atomic-force microscopy (TM microscopes Explorer, Veeco).
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Fig. 2. Series of optical microscopy images of one area of the ﬁlm. The images were obtained during cooling a sample at
0.4 ◦ C/min starting at Tc = −2 ◦ C for the ﬁrst image. The temperature interval between consecutive images is 0.6 ◦ C. Each
image is 1000 µm wide. When an amorphous droplet nucleates and becomes semi-crystalline, the droplet appears white under
nearly crossed polarisers.

3 Results and discussion
In order to study the homogeneous and heterogeneous nucleation rate in an ensemble of PEO droplets, it is crucial
that the droplets are isolated from each other. If this is not
the case, then a nucleus in one droplet will cause the crystallisation of a neighbouring droplet. This was especially
important since previous observations by Reiter and coworkers has shown the existence of a single lamellar layer
of adsorbed PEO chains in some systems [25–27]. Such an
adsorbed layer could be seen around some of our droplets,
although the layer never resulted in droplets that were interconnected. By limiting the extent of annealing, it was
possible to prepare a sample that had not fully dewetted.
In such a case, droplets were often interconnected resulting in a chain of droplets. Once one of the droplets in
the chain nucleated, the crystallisation passed from one
droplet to its neighbour, until all the droplets in the chain
had crystallised. By using long annealing times and veriﬁcation with AFM, it was possible to ensure that this was
not the case for the samples discussed here.
The AFM measurements were also used to obtain the
contact angle between the PEO droplet and the PS substrate. We found that, on average, the contact angle was
θ = (20 ± 1)◦ . In addition the shape of the droplets was,
to a good approximation, that of a spherical cap. With
such a well-deﬁned geometry it is possible to use the area
of the droplet’s PEO-PS interface (i.e. looking normal to
the ﬁlm surface) to obtain a good estimate of a droplet
volume. In order to calculate the volume of the droplets
we use the PEO-PS interfacial area (obtained with optical
microscopy), the measured contact angle θ, and assume
a spherical cap. It is important to realise that even if a
droplet is slightly ellipsoidal in shape the error associated
with the assumptions made is very small. For the samples
discussed here we probe an ensemble of droplets with a
broad-size distribution. In this paper we quote the droplet
sizes in terms of the surface area of the PEO-PS interface,
which corresponds to the “base area” of the droplet. It is
the base area that is directly measured with optical microscopy.
The measurements probing the nucleation rate were
carried out using optical microscopy in reﬂection with polarisers. A typical sequence of optical images is shown in

Figure 2. It is apparent that from one frame to the next,
more droplets become crystalline. From such a sequence
it is straightforward to obtain the time at which a droplet
crystallises and the base area of each droplet. With our
current setup it is possible to simultaneously view ∼ 1000
droplets, while still having enough pixels (1300 × 1030) of
the digital image devoted to each droplet so that a meaningful base area could be measured.
In Figure 3 we plot the ratio of the number of crystallised droplets, Nc , to the total number of droplets in
the ﬁeld of view of the microscope, N∞ , as a function of
the temperature, T , for droplets ranging in base area from
200 µm2 to 500 µm2 . The data was obtained by annealing the sample for at least 1/2 hour at 90 ◦ C in argon
—a protocol that was used for all samples. The sample
was then cooled at a rate of 0.4 ◦ C/min. It is immediately
obvious, that there are two distinct regions in the plot
of Nc /N∞ shown in Figure 3a: as the sample is cooled
there is a sharp increase in the extent of crystallinity at
T ∼ 55 ◦ C and then a plateau is reached with an other
sharp increase in the extent of crystallinity at T ∼ −5 ◦ C.
As will be discussed later, we identify these as a heterogeneous nucleation region and a homogeneous nucleation
region, respectively.
Since heterogeneous nucleation is associated with defects in the sample (chain defects, substrate defects, contaminants, etc.) a second sample was prepared which was
spincoated from a solution that was passed through a
0.2 µm pore size ﬁlter immediately prior to use. The results of this are shown in Figure 3b and are surprising: the
peak in crystallisation activity which we ascribe to heterogeneous nucleation has completely disappeared. All the
nucleation events occur at a temperature of T ∼ −5 ◦ C.
This is in agreement (to within ±0.1 ◦ C) with the “partially dirty” sample shown in Figure 3a. It should be
noted that the preparation of the “partially dirty” sample required many trials. In most cases samples were either “clean” and showed most nucleation at T ∼ −5 ◦ C
or “dirty” with almost all nucleation occurring at much
higher temperatures.
The comparison of the “partially dirty” and “clean”
samples provides convincing proof that the nucleation observed at T ∼ 55 ◦ C is heterogeneous in origin. More
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Fig. 3. Plot of the fraction of crystallised droplets (Nc /N∞ )
as a function of temperature for a sample that has: a) a high
content of heterogeneous nucleation sites, and b) a low content
of heterogeneous sites. The samples are annealed above Tm and
then cooled at a rate of 0.4 ◦ C/min.

striking evidence of this is obtained if we repeat the cooling experiment on the “partially dirty” sample and compare the same area in the two runs. At a temperature of
T ∼ 7 ◦ C, there are ∼ 1000 droplets of which ∼ 700 are
crystalline (see Fig. 3a). Comparison of the droplets that
have crystallised or remain in the melt in the two runs
reveals that less than 1% of the of the droplets diﬀer.
It must be stressed that the preparation of “clean”
samples is not only the result of ﬁltering the solution prior
to use. Bulk systems typically have many heterogeneous
nucleation sites and ﬁltering will not remove them all. The
dewetted system is unique. First of all, the dewetting process for ﬁlms of the thickness described here is due mostly
to dust particles and defects —even for the ﬁltered solution. In the ﬁrst stages of dewetting a hole is formed and
AFM or optical microscopy reveals that this hole often
has a small dust particle in the middle of it. As a hole
grows further, it eventually impinges on other holes and
ﬁnally forms small droplets [39–41]. This process cleans
the droplets further as more contaminants are given the
opportunity to migrate to the surface of the droplet, pin at
a contact line, and deposit on the PS substrate as the PEO
droplets recede. In eﬀect the dewetting process cleans the
material, leaving behind small contaminants. The second
big diﬀerence in the droplet approach compared to bulk
samples is that each droplet acts as its own small experi-

ment in an ensemble of thousands of droplets [37,38,30–
34]. This is an advantage shared by studies with block
copolymer systems where the crystallisable component is
conﬁned into spherical micro-domains. In a bulk system,
once a nucleation site has been established, the growth
of a crystal occurs rapidly until the crystallite runs out
of amorphous material —either because it impinges on
other crystallites or due to limitations in sample size. For
the large supercooling required to see nucleation in the
small droplets the growth rate is very rapid compared to
the nucleation rate.
The “clean” samples (Fig. 3b) are very reproducibly
produced by ﬁltering and dewetting and only a very small
fraction (< 1%) of the droplets are crystallised by the heterogeneous process. This can be seen easily in the comparison of the temperature ramps carried out on both
types of samples (Fig. 3a and b). Cooling of the sample
to T ∼ −5 ◦ C resulted in rapid nucleation which we ascribe to a homogeneous process which will be discussed in
more detail below. We re-iterate that the small droplets
had to be supercooled by ∼ 70 ◦ C in order to see the homogeneous process. Such a large supercooling was only
possible because 1) the sample volume of each droplet
is small resulting in a very low probability of a homogeneous nucleation site occurring in a single droplet, and
2) the droplets are free of defects due to care taken in the
sample preparation and especially because the dewetting
process is “self-cleaning”.
Thus far we have direct evidence, provided by the
data shown in Figure 3, that the nucleation that occurs
at T ∼ 55 ◦ C is heterogeneous in origin. The nucleation
which occurred in the droplets at T ∼ −5 ◦ C was referred
to as homogeneous. While it is appealing to describe the
two stages of nucleation shown in Figure 3a as heterogeneous nucleation at higher temperature and homogeneous nucleation at lower temperature, we must rule out
the possibility that the lower-temperature activity is simply due to less eﬃcient heterogeneities. In the following
we illustrate that the data obtained for nucleation in the
two temperature regimes is fundamentally diﬀerent and is
consistent with the diﬀerent mechanisms associated with
heterogeneous and homogeneous nucleation.
As described above, the measurements were performed
by annealing the sample at T = 90 ◦ C in argon for 1 hour
prior to ramping down the sample temperature. The “partially clean” sample was used to obtain data on the heterogeneous process. Data corresponding to the nucleation
rate for droplets ranging in base area from 100 µm2 to
300 µm2 are plotted in Figure 4a, where we show Nc /N∞
as a function of temperature. The sample is cooled at
0.1 ◦ C/min. The data represents a slower cooling experiment when compared to the data shown in Figure 3, and
covers a smaller temperature range. From such data it is
possible to extract details of the nucleation rate, but because we have a broad distribution of droplet sizes, this
requires a more careful analysis taking into account the
individual droplet volume. Nucleation rate and the dependence on length scale will be the subject of a forthcoming
publication [43].
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Fig. 4. a) Plot of the fraction of crystallised droplets (Nc /N∞ )
as a function of temperature when cooling the sample at
0.1 ◦ C/min. b) A correlation plot of the data for two consecutive runs. The size of the data point indicates the number
droplets as indicated in the legend. Heterogeneous droplets will
show some correlation from one run to the next, indicating that
the data should be clustered around a line with slope 1.

In subsequent crystallisation runs the same ﬁeld of
view is used so that we can keep track of individual
droplets and when they crystallise for each run. In Figure 4b we show a correlation plot of the data for two
consecutive runs: if droplet “i” crystallised at temperature T(1,i) on the ﬁrst run and at T(2,i) on the second run,
then the droplet is plotted as a point at (T(1,i) , T(2,i) ).
A careful examination of Figure 4b reveals that there is
a clear correlation: the data points are roughly localised
around a line with slope 1 (i.e., the data is symmetric
about the slope 1 line). This is expected: if a droplet is
nucleated by a defect, the activation energy will depend
on the speciﬁc defect. As an example, we compare two
droplets with a barrier to nucleation provided by the activation energy a and b . If a < b , then upon cooling there
is a greater probability that droplet “a” will nucleate at
a higher temperature than droplet “b”. When an experiment is repeated on the same droplets, then, on average,
T(1,a) ∼ T(2,a) > T(1,b) ∼ T(2,b) resulting in data that is
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Fig. 5. a) Plot of the fraction of crystallised droplets (Nc /N∞ )
as a function of temperature when cooling the sample at
0.4 ◦ C/min. b) A correlation plot of the data for two consecutive runs. The size of the data point indicates the number
droplets as indicated in the legend. Homogeneous droplets will
not be correlated from one run to the next.

clustered about a line with slope 1. The heterogeneous
data shown in Figure 4b follows these expectations.
In order to distinguish between heterogeneous and homogeneous data, we performed a similar cooling experiment near T = −5 ◦ C on “clean” samples. A sample,
annealed at T = 90 ◦ C in argon for 1 hour is cooled at
0.4 ◦ C/min from 0 to −8 ◦ C. In Figure 5a we plot the fraction of crystallised droplets (Nc /N∞ ) as a function of temperature for droplets ranging in base area from 100 µm2
to 300 µm2 —the exact same droplet range as that used
for the heterogeneous case.
The conclusive evidence for the diﬀerence between heterogeneous and homogeneous nucleation is illustrated in
Figure 5b. It is clear that the data is symmetric about a
point corresponding to a temperature T = 5.5 ◦ C for both
consecutive runs. This point of symmetry corresponds to
the temperature at which the rate of crystal nucleation is
the highest. The data is not elongated along a line with a
slope of 1 as in the case of heterogeneous data. Again this
result, while new, is to be expected: the energy barrier
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to nucleation is a function of the PEO itself and is the
same in each droplet. If we assume an equal size for all
droplets, then all droplets have an equal probability of
having a nucleation event. As a result the data should not
show a correlation (i.e. not be clustered along a line with
slope 1). In fact, the assumption of equal droplet size is
not entirely valid since Figure 5 reports on droplets with
base areas ranging from 100 µm2 to 300 µm2 . A careful
look at the data in Figure 5b reveals that there is a very
slight elongation of the data along the line with slope 1 as
a result of diﬀerent droplet size. The elongation is because
larger droplets are more likely to have a nucleation event
than a smaller droplet. A detailed analysis of the dependence of homogeneous nucleation on length scale will be
reported in a forthcoming publication [43].

4 Conclusions
The data shown in this paper are the result of a unique
sample geometry which results in small droplets. Each individual droplet in this ensemble of droplets acts as a miniexperiment. We are able to show in a single sample both
heterogeneous and homogeneous nucleation. Cooling crystallisation runs reveal two distinct temperatures at which
nucleation activity is high, with a heterogeneous nucleation process occurring for a higher temperature than the
homogeneous nucleation process. Most exciting are the
correlation plots which conclusively show that the data
for heterogeneous and homogeneous nucleation are qualitatively diﬀerent. This reﬂects the diﬀerences in the underlying mechanisms for the two nucleation processes. It
is typically very diﬃcult, if not impossible, to do experiments on homogeneously nucleated crystallisation because
the data is overwhelmed by the much higher nucleation
rate of the heterogeneous process. Practically, this means
that a typical sample is fully crystallised before statistically signiﬁcant homogeneous nucleation can be observed.
The broad distribution of droplet sizes obtained in dewetted samples will enable future studies of the dependence of
the nucleation rate on the length scale [43]. The methodology and analysis presented here provides a tool with which
both heterogeneous and homogeneous nucleation can be
unambiguously identiﬁed and characterised in great detail.
We thank Prof. James Forrest for useful discussions. Financial
support from NSERC of Canada, the Canadian Foundation
for Innovation and the Ontario Innovation Trust is gratefully
acknowledged.
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