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Abstract: It is well known that the crystallization of liquids often initiates at interfaces to foreign
solid surfaces. In this study, using polarized light optical microscopy, atomic force microscopy (AFM),
and wide-angle X-ray scattering (WAXS), we investigate the effect of substrate-material interactions
on nucleation in an ensemble of polyethylene oxide (PEO) droplets on graphite and on amorphous
polystyrene (PS). The optical microscopy measurements during cooling with a constant rate explicitly
evidenced that the graphite substrate enhances the nucleation kinetics, as crystallization occurred
at approximately an 11 °C higher temperature than on PS due to changes in the interactions at
the solid interface. This observation allowed us to conclude that graphite induces heterogeneous
nucleation in PEO. By employing the classical nucleation theory for analysis of the data with reference
to the amorphous PS substrate, the obtained results indicated that the crystal nuclei with contact
angles in the range of 100-117° were formed at the graphite interface. Furthermore, we show that
heterogeneous nucleation led to a preferred orientation of PEO crystals on graphite, whereas PEO
crystals on PS had isotropic orientation. The difference in crystal orientations on the two substrates
was also confirmed with AFM, which showed only edge-on lamellae in PEO droplets on graphite
compared to unoriented lamellae on PS.

Keywords: semicrystalline polymers; droplets; heterogeneous nucleation; homogeneous nucleation;
classical nucleation theory; substrates

1. Introduction

The crystallization of liquids typically starts at interfaces to foreign solid surfaces,
such as substrates, the walls of containers, or small particles, e.g., impurities or nucleating
agents. In general, a solid substrate can induce the crystallization of liquids either by
heterogeneous nucleation [1,2] or by prefreezing [3,4]. Prefreezing, i.e., the formation of
a stable crystalline layer at the substrate interface above the melting temperature (T;,) of
the material, is an equilibrium phenomenon and does not require a nucleation event [5-9].
By contrast, heterogeneous nucleation is an activated process taking place at a finite
supercooling below T, [10]. Under these conditions, the classical path of crystallization
occurs in two principal steps: nucleation, which is the formation of small crystal nuclei,
and the growth of crystals from the already formed nuclei. If the crystal nuclei are formed
within the bulk liquid phase, the corresponding process is called homogeneous nucleation,
whereas the formation of crystal nuclei at the foreign surfaces is called heterogeneous
nucleation [1,11].

While epitaxy has been known as an important parameter that significantly increases
the nucleation rate [12-14], recent in situ atomic force microscopy (AFM) studies showed
the occurrence of prefreezing in such epitaxial systems [5-8]. Nevertheless, in the case of
heterogeneous nucleation, the effects of the substrate in enhancing the nucleation kinetics
are seen as an increase in the density of nucleation events [15] and, thus, as an increase
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in the crystallization temperature compared to homogeneous nucleation [16,17]. It has
been shown that an elegant method for the experimental study of nucleation is confining
the sample into small compartments or droplets [18]. This approach allows for investi-
gating the nucleation kinetics and is widely applied in the studies of crystal nucleation
in many different systems, including metals [18,19], water [20-22], and semicrystalline
polymers [16,17,23,24]. Especially for semicrystalline polymers, crystallization under con-
finement is extensively explored by confining polymers into the cylindrical nanopores
of alumina [25-27], within nanodomains of block copolymers [28,29], and into dewetted
droplets [16,17,23,24]. These confined samples were mainly characterized by differential
scanning calorimetry (DSC) [25-27,29], X-ray scattering [25,27,29], AFM [24,28], and optical
microscopy [16,17,23,24]. Of particular relevance are the experiments on the dewetted
polyethylene oxide (PEO) droplets on amorphous as well as semicrystalline polystyrene
(PS) substrates [16,23,24]. On amorphous PS, homogeneous nucleation in PEO droplets
was observed, and it was shown that the nucleation rate in that case depends on the
volume of droplets [23]. In the case of the semicrystalline PS substrate [24], where the
surface roughness of the substrate was varied by applying different thermal treatments,
it was found that the nucleation mechanism changes from homogeneous nucleation to
heterogeneous nucleation without epitaxy. The corresponding nucleation rate was shown
to depend on the base area of droplets. Moreover, the enhanced crystallization kinetics due
to heterogeneous nucleation resulted in an increase of the crystallization temperature as
compared to that due to homogeneous nucleation. However, estimation of the energetics
of heterogeneous nucleation and the microscopic structural analysis of droplets has not
been reported until now. There also exists significant interest in identifying the material
parameters and potential surfaces, which can enhance crystallization kinetics as well as
promote desired crystal morphologies and orientations [10,30].

In this work, we investigated the effects of the substrate-material interactions on crys-
tal nucleation and crystal orientation in an ensemble of PEO droplets formed via dewetting
of thin films in the molten state on highly oriented pyrolytic graphite (HOPG) and amor-
phous PS substrates using optical microscopy, wide-angle X-ray scattering (WAXS), and
AFM. Note that the surface of HOPG is atomically flat, apart from the step bunches. Ac-
cording to recent literature reports [20], crystallization from the melt is insensitive to such
surface steps, which can mainly affect crystallization from the solution or vapor phase. In
this regard, we assume that the step bunches on the HOPG surface do not play any role
in our experiments, which allows studying just the effects of the substrate-material inter-
actions. As mentioned above, amorphous PS has no effect on crystallization of PEO [23].
Therefore, PEO droplets on PS act as a reference system in this study used to visualize
and quantify the nucleating effects of HOPG on the crystallization of PEO droplets. Our
results show that HOPG enhanced the crystallization kinetics of PEO, which resulted in
an increase of crystallization temperature by about 11 °C compared to PS during cooling
with a constant rate. The latter results allow concluding that PEO on HOPG crystallizes
via heterogeneous nucleation. The quantitative analysis of the optical microscopy data
with the classical nucleation theory [1] indicates that the PEO crystal nuclei with contact
angles in the range of 100-117° were formed at the HOPG interface. Using WAXS and
AFM, we show that HOPG induced a preferred crystal orientation in PEO droplets.

2. Theory

The classical nucleation theory [1] is a well-known model used to describe nucleation.
Nucleation is an activated process, as a crystal nucleus has to overcome an energy bar-
rier (AG*) to become stable and, subsequently, to grow into the bulk phase. A central
result of the theory is the analysis of the maximum height of the energy barrier and the
corresponding nucleation rate. The latter can be expressed as follows:

I=lv-er( - ) (1)
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where kg is the Boltzmann constant and T is the absolute temperature. The exponential
factor in Equation (1) varies much more rapidly with temperature than the prefactor J,,
and therefore J, is often taken to be a constant parameter for a given system [1]. This means
that the nucleation rate, as given by Equation (1), depends mainly on the energy barrier
for nucleation. In the case of homogeneous nucleation, the nucleus is assumed to have a

spherical shape and the corresponding energy barrier AGy = can be expressed as

1677 73, T2 1 \?
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where 7. is the interfacial free energy at the crystal-melt interface, T, is the melting
temperature, and AH,, is the melting enthalpy. In the case of heterogeneous nucleation on
a flat substrate, the nucleus is assumed to have a shape of a spherical cap with a certain
non-zero contact angle 6 with the substrate. Compared to homogeneous nucleation, a solid
substrate can decrease the energy barrier by a factor f(6):

AGlfnet = AGlﬁom : f(@) (3)
where AGY, is the energy barrier for heterogeneous nucleation and

£(6) = (2+ cosb) -4(1—c056)2. @

The value of 6 of the crystal nuclei is determined by the interfacial free energies at the
interface substrate-melt (7ysu), substrate-crystal (sc), and crystal-melt (y¢n) according to
Young's equation ys; = Ysc + Yem cos 6. The angle 6 takes a value larger than 90° when
Ysm < Ysc, 1-€., the substrate prefers to be wetted by the melt phase than by the crystalline
phase. If the substrate has an opposite energetic preference, that is, ys, > s, the value
of 6 becomes smaller than 90°. For the both situations, s, remains overall smaller than
the sum ;¢ + yem- Note that when 7y, > 7sc + Yem, the contact angle 8 becomes zero and
f(0) = 0 (Equation (4)), implying that the energy barrier for heterogeneous nucleation
(AGy,) vanishes. Under this condition, crystallization can even take place above Tj, via
prefreezing [3,5-9], the other phenomenon of interface-induced crystallization, which is
beyond the framework of classical nucleation theory. For heterogeneous nucleation, 6 has
avalue 0 < 6 < 180° and the function 0 < f(#) < 1. Thus, according to Equation (3), the
energy barrier for heterogeneous nucleation AGy,, is always smaller than that of homoge-
neous nucleation at a given temperature. This lowered energy barrier for heterogeneous
nucleation leads to a decrease in supercooling needed to initiate the nucleation events,
as demonstrated in the schematic illustrations in Figure 1, which displays logarithm of nor-
malized nucleation rate [n(]/],) as a function of supercooling (T,, — T) for homogeneous
and heterogeneous nucleation according to Equations (1)—(3).

As shown in Figure 1, because of the high nucleation barrier at small supercooling, the
nucleation rate is negligibly small or practically zero. The homogeneous nucleation events
start to take place at a larger supercooling, at which the corresponding nucleation rate rises.
On the other hand, the heterogeneous nucleation rate starts to increase at a supercooling
smaller than that needed for homogeneous nucleation. As illustrated by the dashed
horizontal and vertical lines in Figure 1, the same value of In(]J/],) for heterogeneous
and homogeneous nucleation corresponds to the different values of (T, — T). The latter
condition, according to Equation (1), reads as follows

AGY AG]
het __ hom (5)

kgThet  kBThom

where Ty is heterogeneous nucleation temperature and Ty,op, is homogeneous nucleation
temperature for a given sample volume during cooling with a constant cooling rate. Sub-
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stituting Equation (3) taken at T = Tj,e; and Equation (2) taken at T = Tj,op, in Equation (5)

yields

0) = Thet ) (Tm - Thet)2

£0) = T T — Thom )?
hom * ( m hom)

Thus, as given by Equation (6), the amounts of supercooling needed to initiate ho-
mogeneous and heterogeneous nucleation in a fixed sample volume during the cooling
experiments with a constant rate can give information about the factor f(6). Furthermore,
as Equations (4) and (6) allow accessing the value of 6, the amount of supercooling can be
taken as a direct measure of the influence of the interfacial free energies at the substrate
interface in enhancing the kinetics of heterogeneous nucleation compared to that of ho-
mogeneous nucleation. In this regard, an ensemble of droplets on a solid substrate is a
model system, since the time scale for crystal nucleation is much longer than the time scale
for crystal growth to detectable sizes, and therefore the nucleation events can be instantly
detected [23]. Moreover, as each individual droplet behave like an independent sample
and requires a separate nucleation event for crystallization, the simultaneous monitoring
of several tens of nucleation events is possible.

(6)
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Figure 1. Sketches of logarithms of the normalized nucleation rate as a function of supercooling
(T — T) for homogeneous nucleation (blue curve) and heterogeneous nucleation with a contact
angle 8 = 90° (red curve) according to Equations (1)-(3). Dashed horizontal and vertical lines indicate
that the same value of In(]/],) for heterogeneous and homogeneous nucleation corresponds to the
different values of (T, — T) during cooling at a given cooling rate for a fixed sample volume.

3. Materials and Methods
3.1. Materials

PEO with a molecular weight of My, = 32,500 g mol ~! and PDI = 1.04 was purchased
from Polymer Source Inc. The bulk melting temperature T, of PEO is 64 °C, as measured
by DSC (Figure S1). HOPG substrates of quality ZYB were purchased from NT-MDT
(Moscow, Russia). For thickness measurements and for preparation of the amorphous PS
substrates, silicon wafers (5i/SiO») purchased from Siegert Wafer (Aachen, Germany) were
used. PS of My, = 192,000 g mol ~! was purchased from Sigma Aldrich (Germany). The
amorphous PS substrates were prepared by spin coating a 2 wt% solution of PS in toluene
onto the cleaned Si/SiO; wafers at 2000 rpm for 60s. The resulting films had thickness
of about 110 nm, as measured by AFM. The spin-coated PS films were kept in a vacuum
oven at 40 °C for 3 h to evaporate any solvent residue. The temperature was then raised to
115°C for 12 h and slowly cooled down to room temperature.

3.2. Sample Preparation

PEO thin films were prepared by spin coating a solution of PEO in acetonitrile on
the freshly cleaved HOPG and PS substrates at 2000 rpm for 60 s. Spin-coated films were
kept in a vacuum oven at 40 °C for 3h for solvent evaporation. The temperature was
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subsequently raised to 95 °C for 30 min and then slowly cooled down to room temperature
at a cooling rate of about 1°Cmin~!. Spin-coated films in the molten state at elevated
temperatures (above T};) dewet from the two substrates and form isolated droplets. To
prepare droplets with the desired size distribution, initial thicknesses of the spin-coated
films were adjusted by varying the concentration of polymer in solvent (2 wt% for 60 nm
and 2.4 wt% for 80 nm). Thicknesses were determined with AFM on films prepared in the
same way on the 5i/SiO; wafers. Droplets formed via the dewetting of a 60 nm thin film on
HOPG and a 80 nm thin film on PS had comparable length scales. The base area of droplets
ranged from 16 to 262 pm? on HOPG and from 14 to 338 pm? on PS, as determined with
optical microscopy. The analysis of the base area of PEO droplets on the two substrates is
shown in Figure S2. The average values of the contact angles of molten PEO droplets on
HOPG and PS were ca. 26° and 31°, respectively, as determined by net-attractive AFM and
explained in Figure S3. By using the values of base area and contact angles, the droplet
volume can be calculated by assuming the shape of droplets as a spherical cap. The
calculated volumes of PEO droplets were in the range from 4 to 274 um® on HOPG and
4 to 466 um?® on PS. As shown in Figure S2, except for only nine large droplets on PS, most
of the droplets on the two substrates had a similar base area and, thus, comparable volume.
Therefore, we chose PEO droplets formed via dewetting of a 60 nm thin film on HOPG and
80nm thin film on PS for our experiments.

3.3. Optical Microscopy

Optical microscopy measurements were performed using an Olympus BX51 micro-
scope equipped with an Olympus XC30 camera allowing observation of the sample and
recording of the images. A Linkam hotstage equipped with a Linkam TP 94 temperature
controller and a Linkam LNP liquid nitrogen controller was used as the sample stage.
For the measurements, the samples were placed on the Linkam hotstage, which was then
flushed once with nitrogen gas and sealed. The temperature was raised to 85 °C for 15 min
and then slowly cooled at a cooling rate of 0.4°C min~! to —20 °C using a continuous flow
of liquid nitrogen. The crystallization in droplets was directly monitored using polarized
light optical microscopy, where the positions of the polarizers were kept nearly crossed
relative to each other. Under the nearly crossed polarizers, amorphous droplets appear
dark and crystal droplets appear bright due to birefringence. Once crystallization in PEO
droplets started, a sequence of images was taken after every 0.4 °C decrease in temperature.
Olympus Stream Motion software was used to observe the camera view on a computer
and to analyze the images.

3.4. Atomic Force Microscopy

AFM measurements were performed at room temperature using an atomic force mi-
croscope NanoWizard 4 from JPK instruments (Berlin, Germany). To observe the semicrys-
talline morphology, the measurements were performed in the net-repulsive regime of oper-
ation of intermittent contact mode using NSC 15 cantilevers (k = 40N m~!, w, = 325 kHz),
purchased from Mikromasch. The cantilever was operated at an excitation frequency
w < w, and a free amplitude of about 1.6 V. Whereas, to determine the contact angles of
liquid PEO droplets on the two substrates, measurements were performed in net-attractive
regime of intermittent contact mode [31] at room temperature after cooling the samples
from the melt using a heatable sample stage (JPK HTST). For these net-attractive AFM mea-
surements, a soft RFESP-75 cantilever (k = 3N m ! w, =75 kHz), purchased from Bruker,
was employed at an excitation frequency w > w, and a free amplitude of about 0.7 V. The
open-source software Gwyddion [32] was used to edit and analyze the AFM images.

3.5. X-ray Scattering

Two-dimensional wide-angle X-ray scattering (WAXS) patterns were measured using
a SAXSLAB laboratory setup (Retro-F) (Copenhagen, Denmark) equipped with an AXO
microfocus X-ray source (Dresden, Germany), an AXO multilayer optics (ASTIX) as a
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monochromator for the Cu K, radiation (A = 0.15418 nm) (Dresden, Germany), and a
DECTRIS PILATUS3 R 300K detector (Baden-Daettwil, Switzerland). The sample-to-
detector distance was kept at around 89 mm. The measurements were performed in the
reflection mode in vacuum at room temperature on PEO droplets on the two substrates.
The approximate diameter of the substrates is 8mm. To observe scattering from those
PEO lattice planes, which are not exclusively oriented parallel to the substrate, WAXS
measurements were performed under grazing incidence conditions at an incidence angle
of 0.2°. Such an incident angle is higher than the critical angle a. of PEO but lower than
«. of HOPG and enabling scattering from PEO only. Measurements were also performed
at various other incident angles (up to 12°) to detect any possible out-of-plane reflections
corresponding to the PEO lattice planes oriented parallel to the substrate. Detector images
were converted into reciprocal space maps of scattering patterns with two components, g,
and q,, being perpendicular and parallel to the sample surface, respectively [33]. Due to
the special geometry of the measurement, a certain area of the reciprocal space along the g,
axis is not accessible and appears as a blank arc. Two additional blank vertical strips appear
at the positions where two adjacent parts of the detector meet and are inactive regions of
the detector. More details about GIWAXS measurements of thin films on solid substrates
can be found in [33].

4. Results and Discussion
4.1. Optical Microscopy Measurements during Cooling

To confirm that, compared to amorphous PS, an HOPG substrate has an influence on
crystallization of PEO droplets, crystallization in droplets was directly monitored using
polarized light optical microscopy. The comparison of the nucleating effect of the HOPG
substrate on crystallization of PEO droplets with reference to the amorphous PS substrate is
presented in Figure 2, which displays the selected polarized light optical microscopy images
of PEO droplets on the two substrates at indicated temperatures during cooling from the
melt. Selected optical microscopy images at various other temperatures during cooling
of both systems, corresponding to the same series of measurements as that presented in
Figure 2, are shown in Figures 54 and S5.

(a) 5.8 °C

(b)=2.6 °C

Figure 2. Selected optical microscopy images of PEO droplets on (a,b) PS and (¢,d) HOPG at indicated
temperatures during cooling from the melt at a fixed cooling rate of 0.4 °C min~!. The position of the
polarizers was kept nearly crossed. Selected optical microscopy images at various other temperatures
during cooling of the both systems are shown in Figures 5S4 and S5. The analysis of the base area of
droplets can be found in Figure S2.
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Although PEO droplets on PS and on HOPG have similar length scales and the exper-
iments were performed under identical conditions, nucleation in PEO droplets occurred in
distinctly different temperature ranges on the two substrates. While no nucleation event
took place in PEO droplets on PS until 5.8 °C (Figure 2a) during cooling and all droplets
were in the liquid phase, many PEO droplets on HOPG were already in a semicrystalline
state at the same temperature (Figure 2c). The differences between nucleating activities on
the two substrates can be even more prominently seen when the comparison is made at
—2.6 °C during cooling. On PS at —2.6 °C (Figure 2b), only two droplets became crystalline,
and all other droplets were still in the liquid state. The crystallization of PEO droplets on PS
occurred at even lower temperatures (Figure S5). On the other hand, on HOPG at —2.6 °C
(Figure 2d), all remaining liquid PEO droplets were crystallized. As mentioned above, the
amorphous PS substrate had no nucleating effects on the crystallization of PEO droplets,
which crystallized via homogeneous nucleation on PS [16,23,24]. Since PEO droplets are of
comparable sizes on the two substrates, the observation of crystallization of PEO droplets
at higher temperatures on HOPG compared with on PS (Figure 2) confirms that HOPG
enhances the crystallization of PEO droplets. Thereby, we conclude that PEO droplets
crystallize via heterogeneous nucleation on HOPG.

To obtain more detailed information about the effects of HOPG on crystallization of
PEO droplets, we counted the number of crystalline droplets at each temperature from the
series of optical microscopy images obtained during cooling (Figure 2). The results are
shown in Figure 3, where the fraction of crystallized droplets, i.e., the ratio of crystalline
droplets to the total number of droplets in the image, is plotted as a function of the
temperature during cooling.

(7))
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Figure 3. Fraction of crystallized PEO droplets on HOPG (red data points) and on PS (blue
data points) as a function of temperature during cooling from the melt at a fixed cooling rate
of 0.4°C min—1. The back vertical arrow indicates T, of PEO, and the red horizontal arrow indicates
the enhancement in nucleation temperature (ATyst) (definition given in the main text) for PEO
droplets on HOPG with respect to PS. The other arrows (red for PEO on HOPG and blue for PEO on
PS) indicate the temperatures obtained from intercepts of the slopes of linear fits to the data, as once
indicated by the dotted lines at the lower part of the data for PEO on PS.

As shown in Figure 3, the droplets remained amorphous on both substrates, and no
nucleation event occurred until the samples were cooled far below the melting tempera-
ture (T,;, = 64°C). To initiate nucleation, the samples required a sufficient supercooling,
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meaning that, a large driving force for crystallization was needed to overcome the en-
ergy barrier for nucleation. Once the nucleation events began to take place in droplets
on the two substrates, a sharp increase in the fraction of crystallized droplets occurred
until all droplets became crystalline. Importantly, the amount of supercooling needed for
the occurrence of the nucleation events was different for the two substrates: nucleation
occurred at higher temperatures on HOPG than on PS. On PS, the first nucleation event
occurred at around —2.6 °C. All droplets in the frame of view on PS became crystalline at
around —10.6 °C. This temperature range of the crystallization of PEO droplets on PS is
in agreement with the literature reports [16,23,24], where PEO droplets of similar or even
somewhat larger sizes on amorphous PS were shown to crystallize approximately between
—2 and —7°C. On the other hand, nucleation in PEO droplets on the HOPG substrate
began to take place at around 11.6 °C, and all droplets became crystalline at around —2.6 °C.
Here, we define an overall enhancement in the crystallization temperature ATynget as the
temperature difference between the two nucleation curves at the point at which 50% of the
total droplets under consideration were crystallized. As shown in Figure 3, HOPG resulted
in the enhancement in nucleation in PEO droplets by about 11 °C with reference to the
amorphous PS substrate. This amount of enhancement in nucleation temperature by the
HOPG substrate represents a notable change in the activation barrier for nucleation [24].
More discussion on the results shown in Figure 3 will appear in the next section, where the
data is quantitatively analyzed using the classical nucleation theory.

4.2. Quantitative Analysis of Kinetics

To quantitatively analyze the observed enhanced crystallization kinetics of PEO
droplets on HOPG (Figure 3) and to obtain quantitative information about the PEO crystal
nuclei formed on HOPG, we employ the classical nucleation theory as introduced in the
Theory section. By assuming a similar volume of droplets on the two substrates and using
Equation (6), we estimate the value of f(6) at the temperatures at which the fraction of
crystallized droplets have the value of 0.5 on the HOPG and PS substrates. In addition,
since the data points for the two systems follow different slopes, f(6) was also evaluated
at the temperatures obtained from intercepts of the slopes of linear fits to the data. These
temperatures are indicated in Figure 3. In this way, we obtained a possible range of the
values of f(0). On HOPG, the crystallized droplets fraction of 0.5 corresponded to the
temperature of about Tpro.qopg = 4.6 °C (Figure 3). On PS, the crystallized droplets
fraction of 0.5 was achieved at Tpgo.ps = —6.4°C (Figure 3). Substituting the values of
Tpeo-HOPG (as the crystallization temperature for heterogeneous nucleation) and Tpgo-ps
(as the crystallization temperature for homogeneous nucleation) in Equation (6), we receive
f(6) = 0.741. Similarly, the values of f(6) evaluated at the temperatures corresponding to
the smallest and highest fractions of crystallized droplets on the two substrates (see the
corresponding temperatures in Figure 3) were 0.626 and 0.815, respectively. Thus, accord-
ing to the classical nucleation theory, the energy barrier for heterogeneous nucleation in
PEO droplets on HOPG was 0.626-0.815-times the barrier for homogeneous nucleation on
PS. Using the above estimates of f(6) and Equation (4), we further estimated the contact
angles 6 of crystal nuclei on HOPG. As calculated, the values of f(6) of 0.626, 0.741, and
0.815 correspond to the values of contact angle 6 of 99.8°, 109.5°, and 116.8°, respectively.
The values of contact angle 6 of the crystal nuclei formed on HOPG were slightly larger
than 90°, which, according to Young’s equation, implies s < 7sc and, therefore, indicates
that the HOPG substrate had no or even relatively less energetic preference to be wetted
by the crystalline phase than by the liquid phase. As will be shown in the next section,
even in this situation, heterogeneous nucleation can lead to a preferred crystal orientation.
This should not be surprising because the various lattice planes of crystalline material
have different energy costs at the substrate interface (7s.), and the nucleated lattice plane is
presumably the one that costs the least energy.
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4.3. WAXS and AFM Measurements at Room Temperature

To investigate the influence of HOPG on the crystal orientation and semicrystalline
morphology, we performed WAXS and net-repulsive AFM measurements at room tem-
perature on PEO droplets after cooling from 85 °C to —20 °C on HOPG as well as on PS.
The results of the WAXS measurements with a 2D detector are shown in Figure 4, which
displays the reciprocal space maps of the WAXS pattern of PEO on the two substrates.

q, Inm™"]

Figure 4. Reciprocal space maps of the WAXS pattern of PEO droplets on (a,b) PS and (c¢,d) HOPG
measured at room temperature after cooling from the melt to —20°C. The measurements were
performed at the incident angles of (a,c) 0.2° to observe scattering from those PEO lattice planes,
which are not oriented parallel to the substrate and (b,d) 10° to obtain access to the region of reciprocal
space at large g, values along the substrate normal. All observed reflections are labeled and indicated
with the arrows. The unlabeled arrow in (d) indicates the region of specular reflection.

As indicated in Figure 4, the dominant (12 0) and (0 3 2)* reflections of monoclinic
crystal structure of PEO [34] are observed on PS and on HOPG. The (0 3 2)* reflection of
PEO is a superimposed signal of many different reflections from the various lattice planes.
In Figure 4b, the (12 0) and (0 3 2)* reflections appear at around 13.6nm~! and 16.5nm ™!,
respectively. The g positions of these reflections correspond well to the scattering pattern of
the bulk sample (Figure S6). In the measurements performed under the grazing incidence
conditions at an incident angle of 0.2° (Figure 4a), the both reflections from PEO are split
into two parts. The g positions of the two split (12 0) and (0 3 2)* reflections differ from
the expected g positions of both reflections by about 0.4 nm~!. This peak splitting is due
to the different sample to detector distance of scattering sites presumably located at the
opposite edges on the illuminated area of the sample. The illuminated area of the sample
is larger when the incident X-rays reach the sample at shallower angles. At the higher
incident angles of X-ray beam, the illuminated area of the sample becomes smaller and does
not include the sample edges, and consequently the peak splitting vanishes. Therefore, no
peak splitting of the (12 0) and (0 3 2)* reflections of PEO was visible in the measurement
performed at the incident angle of 10° (Figure 4b) and the both reflections were observed at
the expected g positions. As can be seen in Figure 4a,b, the (12 0) and (0 3 2)* reflections
of PEO are isotropically distributed along the circular arcs. The isotropic distributions
of these reflections of PEO on PS indicate that PEO crystals have random orientation on
PS, implying that the PS substrate has no orienting effects during crystallization of PEO
droplets. This result is anticipated, as PEO droplets on PS crystallize via homogeneous
nucleation. By contrast, the WAXS pattern of PEO droplets on HOPG (Figure 4c) is different
from that of PEO on PS. First note that the very intense and split scattering signal at around
19.4nm~! perpendicular to the surface is the reflection from the (0 0 1) lattice planes of
HOPG. This reflection covers a large part of the image because of the chosen intensity
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scale to make the reflections from PEO visible. The peak splitting of the (03 2)* and (120)
reflections in Figure 4c is also visible due to the reason mentioned above for PEO on PS.
As can be seen in Figure 4c, in addition to the isotropic distribution of the (12 0) and
(03 2)* reflections, we also observe one intense and narrowly distributed reflection from
the (0 3 2)* lattice planes of PEO. As stated above, the (0 3 2)* reflection is a superposition
of many different reflections from various lattice planes. Thus, the narrowly oriented
reflection in Figure 4c can be any one of those reflections present within (0 3 2)*. However,
since the WAXS measurement at the higher incident angle (Figure 4d) is dominated by the
strong (0 0 1) reflection from HOPG, one could not detect the PEO reflections along the
surface normal that would allow us to identify the nucleated lattice planes at the substrate
surface. Nevertheless, the presence of the narrowly oriented (0 3 2)* reflection of PEO
(Figure 4c) clearly indicates that PEO crystals on HOPG possess a certain preferred crystal
orientation with a narrow orientation distribution. This observation demonstrates that the
substrate-induced nucleation resulted in a preferred orientation of the crystals.

The aforementioned differences in the orientations of PEO crystals on HOPG and
on PS also led to the different semicrystalline morphology of PEO on the two substrates.
To visualize these morphological effects, both systems were characterized by net-repulsive
AFM measurements at room temperature. Figure 5 shows the results.

Figure 5. Net-repulsive AFM images of PEO droplets at room temperature after cooling from the
melt to —20 °C on (a—c) PS and (d—f) HOPG. (a) AFM height image and (b) the corresponding phase
image of a PEO droplet on PS. (c) Small scale AFM phase image of a part of the same PEO droplet as
ina and b. (d) AFM height image and (e) the corresponding phase image of a PEO droplet on HOPG.
(f) Small scale AFM phase image of a part of the same PEO droplet as in (d,e).

AFM height images show the elevated surface of PEO droplets on PS (Figure 5a)
and on HOPG (Figure 5d). Bare amorphous surface of the PS substrate is visible around
the droplet in the corresponding phase image (Figure 5b). Similarly, the bare surface of
HOPG and the step bunches of the HOPG lattice planes are also visible around the PEO
droplet in the phase image (Figure 5e). This observation indicates that the PEO droplets
are well-isolated from each other, which is essential for droplet-based nucleation experi-
ments, as nucleation in one droplet cannot cause crystallization in the other neighbouring
droplets. To resolve the semicrystalline structures in PEO droplets on the two substrates,
smaller areas were scanned, in which only a part of the droplet was imaged. A small



Crystals 2021, 11, 924

11 0of 13

scale AFM phase image of the part of the same PEO droplet as in Figure 5a,b is shown in
Figure 5c. Similarly, a small scale AFM phase image of the part of the same PEO droplet as
in Figure 5d,e is shown in Figure 5f. These small scale AFM phase images show localized
nucleation cite and spherulitic structure in PEO droplets on PS (Figure 5c) as well as on
HOPG (Figure 5f). However, the different orientations of the lamellae can be identified on
the two substrates due to the different substrate-material interactions. On PS, the phase
image (Figure 5c) shows unoriented lamellae, whereas only edge-on lamellae are present
on HOPG (Figure 5f). Thus, the AFM measurements confirmed that HOPG induces a
preferred orientation of lamellar crystals in PEO droplets via heterogeneous nucleation,
as a result of the formation of oriented crystal nuclei. Note that no signs of epitaxy between
PEO and HOPG are visible in Figure 5f, as the PEO lamellae do not have any strict lateral
alignment with respect to the crystallographic directions along the HOPG substrate surface.

The above results of WAXS and AFM measurements provide complementary support
to our conclusion that the enhanced crystallization kinetics of PEO droplets on HOPG,
shown in Figures 2 and 3, is caused by heterogeneous nucleation.

5. Conclusions

In this work, to demonstrate the effects of the substrate—-material interactions on nucle-
ation kinetics and the resulting crystal orientation, we investigated crystallization from the
melt in an ensemble of PEO droplets with similar base areas on HOPG and amorphous PS
substrates. Our results showed that PEO droplets crystallized via heterogeneous nucleation
on an HOPG substrate, which led to an increase of the crystallization temperature during
cooling at a constant rate by about 11 °C compared to the homogeneous nucleation temper-
ature in PEO droplets on an amorphous PS substrate. By assuming the similar volume of
droplets on the two substrates and employing the classical nucleation theory, the contact
angles of the PEO crystal nuclei on HOPG were estimated to lie between 100-117°. With
the complementary WAXS and AFM measurements, we demonstrated that the substrate-
induced nucleation resulted in a preferred orientation of PEO crystals and in edge-on
oriented lamellae on HOPG, in contrast to the isotropic crystal orientation of PEO on PS.

In summary, while epitaxy is often considered an important parameter that signif-
icantly enhances nucleation kinetics [12-14], we here showed that a solid substrate can
enhance the nucleation rate and induce a preferred crystal orientation without epitaxy.
Moreover, a comparison of the homogeneous and heterogeneous nucleation rates with the
classical nucleation theory can provide quantitative information on the contact angle of
crystal nuclei formed at interfaces that is hardly accessible otherwise. The latter enables a
direct judgment of the strength of foreign surfaces in inducing the crystal nucleation that is
important for numerous applications of semicrystalline polymers. However, it sometimes
becomes difficult to distinguish between homogeneous and heterogeneous nucleation.
In this respect, our WAXS measurements are also a methodological step forward in study-
ing substrate-induced crystallization and show the ease with which the differentiation
between homogeneous and heterogeneous nucleation can be made.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/cryst11080924 /51, Figure S1: DSC measurement of T}, of PEO, Figure S2: Comparison of
base area of PEO droplets on HOPG and PS, Figure S3: Determination of contact angles of molten
PEO droplets on HOPG and PS, Figures S4 and S5: Selected additional optical microscopy images of
PEO droplets on HOPG and PS at various temperatures during cooling from the melt, and Figure Sé:
WAXS pattern of bulk PEO.
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