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ABSTRACT

Microdomain orientation and crystallization were examined in a crystalline-amorphous
diblock copolymer, hydrogenated poly (high-1,4-butadiene)-b-poly(high-3,4-isoprene)
(E/MB), which forms cylinders of the crystallizable block (polyethylene, E). Atomic force
microscopy (AFM) was used to locally control the orientation of the E cylinders. The
orientation process and subsequent crystallization behavior were investigated in situ as a
function of temperature by AFM. Fully confined crystallization was observed within the
range of 25- 50 °C, with templated and breakout crystallization observed at higher
crystallization temperature. The growth rate of templated crystallization along and
perpendicular to the existing microdomain structure was measured and the ratio between
these rates found to increase rapidly with decreasing temperature with a change from ~4.8 at
100 °C to ~8 at 97 °C. Two maxima in the degree of orientation of the crystallized regions
were found, one at relatively small supercoolings (e.g. 95 °C) where the differential in growth
rate along and across microdomain boundaries is high, and one at high supercoolings (25- 50

°C) where crystallization is completely dominated by nucleation.

Keywords: AFM; Block copolymer; Microdomain orientation control; Crystallization; In

situ.



1. INTRODUCTION
Over the last six decades, extensive studies have been carried out to gain an understanding of
the properties and behaviour of semi-crystalline polymers. In particular, crystallization in

11 and through simulation'? in

confinement has received great interest both experimentally
recent years. One reason for exploring confinement effects is that confined systems are
becoming increasingly widespread, as devices and materials are constrained due to
miniaturization. Secondly, the fundamental understanding obtained from studies of

confinement length when it reaches an intrinsic length scale of the system can be extended to

gain an understanding of crystallization in general.

Amongst the most convenient common methods to achieve confinement at the nanoscale are
crystalline-amorphous diblock copolymers!? (with one crystallizable block), due to their self-
assembled microdomains. Diblock copolymers generate various microphase separation
structures'®, such as spheres, cylinders, gyroids and lamellae. The shape, size and order of
these microdomains can be controlled by varying the properties of the blocks (length,

composition, affinity, etc.).

Controlling the orientation of the microdomains within a specific localized region is essential
for the development of novel nanometre structures and in various applications'”, such as data
storage, lithography, computer memory and nanometre-scale templating'®; if carefully
controlled, the molecular orientation introduces anisotropy in the physical properties. Several

approaches have been used to manipulate the orientation of copolymer microdomains,

17,18 19-22

including electric fields'”!'®, solvent fields'®??, chemically patterned substrates®®, thermal

gradients?*, shear 2%, and AFM tips>%3.

AFM cantilever tips have been successfully used in the modification of a number of polymer

thin films at the required resolution at the nanometre level. For example, the tip can be used



to scan or indent the films, creating ripple structures perpendicular to the fast scanning
direction®®. The modification mechanism in this method is considered to be mechanical

deformation’%3337,

AFM is a powerful technique for studying the crystallization of polymers, providing
nanometre-scale information coupled with an ability to collect data in real time during the
crystallization process®®. AFM has been successfully employed to study diblock

3941

copolymers™ ™', for example allowing direct visualization of crystallization in both

cylindrical and spherical microdomains*?.

In the current study, the AFM tip has been used to locally control the orientation of block
copolymer microdomains before they crystallized, defining what direction the crystals
initially grow relative to the blocks’ interface. This simple process made the analysis of the
impact of microdomain orientation on growth easier to determine. By controlling the
orientation in a variable manner across the sample and then following the subsequent

crystallization, complex structures with potentially interesting properties can also be formed.

2. EXPERIMENTAL METHODS
A hydrogenated poly (1,4-butadiene)-b-(3,4-1soprene) diblock copolymer, denoted as E/MB,
was used. E is the hydrogenated high-1,4-poly butadiene (polyethylene), which is the
crystallizable minority block, while MB is the rubbery amorphous majority block. The glass
transition temperature (Tg) of the MB block is below room temperature (-17 °C). The molar
masses of the E and MB blocks were 17 and 45 kg/mol, respectively. The volume fraction for
E, g, is 0.27, which results in a cylindrical mesophase of polyethylene in the phase separated
state. The synthesis and characterization of this E/MB diblock has been described in detail

previously 2.



The samples were prepared by melt casting onto a glass coverslip at 130 °C (above the
melting point) using a Linkam TP94 hot stage. Then, they were thinned by a razor blade,
producing films with a thickness of few micrometers. The films were then quenched to the
examined crystallization temperature (in the range of 94—-115 °C) at the maximum cooling

rate of the hot stage, nominally 90 °C/min.

AFM was performed in tapping mode, using a Veeco Dimension 3100 AFM with a
Nanoscope IIIA controller. Silicon tapping cantilevers (nominal spring constant 40 Nm™! and
resonance frequency ~ 300 kHz) were used (TESPA-V2). All images were taken at 512x512
pixels. The majority of the images were phase images in which the contrast contains a

mixture of the adhesive and mechanical properties of the film surface.

The experimental setup is shown in Figure 1la. Once the films had been prepared on the
substrate, they were placed on a heater at a temperature range from 110-120 °C (Below 110

°C, the tip induced crystallization as presented in SI1).
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Figure 1: (a) Schematic diagram of experimental setup. The E/MB microdomains are randomly
oriented initially. The AFM tip orients the E/MB microdomains in its fast scan direction while a
Linkam heating stage heats the film above the melting point (i.e. 115 °C). (b) Calibration plot

showing the correction that should be applied to the Linkam TP94 temperature displayed in order to



acquire the actual sample temperature. The cooling effect of the AFM tip on sample temperatures was
measured between approximately 70 °C and 115 °C. Error bars are the standard deviations from

several measurements. As the measured temperature corrections are less than 1 °C the ‘as displayed’

temperatures are given in this paper.

Following an initial imaging scan the sample was imaged with high force over the area to be
oriented, using a setpoint of 0.2-0.4 V compared to a free amplitude (i.e. amplitude when off
the surface) of ~3 V (i.e. a relative setpoint, rsp, of ~0.1), corresponding to an rms amplitude
of ~1.8-3.5 nm and ~27 nm respectively. Using the approach outlined in ** this equates to a
force of approximately 3.7 nN. The average bending of the cantilever when carrying out this
low amplitude imaging was 0.09 nm, corresponding to a force of approximately 3.8 nN
(assuming the nominal spring constant for the cantilevers used), in good agreement with the
theoretical estimate. The area was then re-imaged at low force (rsp ~ 0.8), to determine the
impact of the orienting scan. Following this orientation procedure the sample was then cooled
on the Linkam to the desired temperature with the tip retracted from the surface, and then

imaged in situ during subsequent crystallization.

Due to the temperature variation between the unheated AFM tip and the sample the
temperature of the sample area being scanned will deviate from that which is set on the
heater. Therefore, a calibration was done to account for this cooling effect of the AFM tip.
The calibration was performed using materials with well-defined melting point transitions
(see Figure 1b). All the temperatures in this paper are the heater displayed temperature as the

difference between them and the actual temperatures is less than 1 °C.



3. RESULTS AND DISCUSSION
This work can be split into two main sections: the first considers controlling the orientation of
microdomains by the AFM tip and the second, the crystallization behaviour as a function of
temperature.

3.1. Alignment of E/MB microdomains by the AFM tip

3.1.1. Orientation Control of Microdomains
The AFM tip was used as a tool to orient the crystalline cylindrical domains mechanically in
its scanning direction before they crystallized. After aligning the cylinders of the E/MB, the

subsequent crystallization behaviour was examined in situ at different temperatures.

Scanning Direction

Figure 2: AFM phase images showing: (a) the natural random orientation of E/MB microdomains in
the melt state, (b) the cylindrical microdomains oriented by the AFM tip, (c) the boundary between

random and oriented cylinders, and (d) the oriented cylindrical microdomains in a matrix of random



domains. The insets in (a) and (b) are the corresponding Fast Fourier Transform patterns of the
cylindrical microdomains showing essentially random orientation in (a) and a high degree of
orientation in (b). () AFM phase image showing aligned cylinders of E/MB in two different
directions according to the AFM tip scanning direction. The arrows indicate the fast scanning
direction in the two differently oriented regions (white and yellow squares). Image (f) is a magnified

view of the yellow square region in image (e). Colour scales are (a-b) 5°, (c) 3°, (d) 5°, and (e-f) 4°.

Figure 2(a) illustrates an AFM phase image of the melt microdomain structure in E/MB. The
cylindrical microdomains that resulted from the initial film preparation were oriented
randomly with cylinders largely lying in the plane of the surface. Figure 2(b) shows the
aligned cylindrical microdomains resulting from scanning of the AFM tip over the film

surface, at low relative setpoint.

The FFTs of the AFM images show the disorder, (a), and high degree of order, (b), of the
cylindrical microdomains. Figures 2(c) and (d) show further examples. A clear boundary
between the oriented domains (in the top half) and the random domains (in the bottom half)
can be seen in image (c). Image (d) illustrates the aligned cylindrical microdomains in a

matrix of random cylinders.

The alignment direction of the cylindrical microdomains can be controlled by altering the tip
travel direction. Figure 2 (e) shows an example resulting from multiple tip scans having been
carried out on the sample. The tip first scanned parallel over a 4x4 um area (the yellow
square in image (e)), aligning the random cylindrical microdomains along its scanning
direction. Subsequently, the tip was scanned perpendicularly to the initial scan direction over
a 2.5%2.5 um area (the white square in image (e)) in the approximate centre of the previously
aligned microdomains, resulting in reorienting this area orthogonally to the previously

aligned area in the matrix of a random region (image (e)). We note that orientation at the



boundary between the two oriented regions is less clearly defined than that between oriented

and disoriented areas, implying a greater barrier to the reorientation process.

3.1.2. Enhanced Microdomain Ordering
The AFM tip is able to align cylindrical microdomains in its scanning direction, although in
some cases defects—dislocations, sometimes clustered together— were observed (Figure 3).

We explored the extent to which multiple scans impacted upon the number of defects.

Scanning the same area more than once (with the same hard tapping force conditions initially
used for alignment, low amplitude and low relative set-point rsp = 0.1) reduced the number of
defects. Accordingly, areas that were scanned once contained a greater number of defects per
unit area compared with areas scanned more than once. This situation is shown in Figure 3.
The cylindrical microdomains are highlighted, from which it can be seen that the number of
defects was reduced by simply increasing the number of scans with the same hard tapping

conditions.
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Figure 3: AFM phase images showing the effect of scanning number on the defects per unit area, a-c
1%, 2" and 3" scans, respectively, with relatively high tapping force (low amplitude and low rs, = 0.1)
at 115°C. The defects are highlighted in yellow to aid the reader in following the reduction in defects

as a function of the number of scans. The image size is 3x0.75 um and the black-to-white scale is 7°.



On the other hand, there were a few cases where some defects were formed by increasing the
number of scans (see SI2). Nevertheless, in those cases, the number of defects per unit area
was reduced by increasing the number of scans over the film, resulting in better ordering in
general. Figure 4 is a plot showing this result from several experiments. The change in the
number of defects was found to vary with the number of scans but was approximately linear,
with an overall average decrease in the number of defects per square micrometre of 0.9 per

scan.
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Figure 4: A plot showing the number of defects as a function of the number of scans (each colour

indicates an independent experiment). Error bars are the standard errors.

Having formed oriented domains of cylinders we now study the impact of orientation on

subsequent crystallization.



3.2 Crystal Morphology as a Function of Temperature

a) Morphology Formation from Unoriented Cylindrical Microdomains

The morphology formed depends on the temperature of crystallization. Therefore, in order to
see the effects of temperature on the structure of the crystals formed, the same sample was
isothermally crystallized at different temperatures. The sample was transferred very quickly
from the heating stage held at 130 °C to another heating stage placed under the AFM and
held at the crystallization temperature for several minutes, allowing the sample to crystallize.
The duration of holding the sample at the specific temperature depended on the
crystallization rate, e.g. crystallization at 50 °C took place very fast so at this temperature the
sample was held for 5 minutes to ensure complete crystallization, however at higher
temperatures, crystallization occurs slower, needing more time to be completed. An example
is shown in Figure 5. The same sample was used to investigate both the effects of
temperature on the structure of the crystals formed and the temperature at which the crystals
would be completely confined within the microdomain melt structure. The order that these
experiments were performed in was first at room temperature, then 50 °C, 60 °C, 70 °C, 80

°C and finally 100 °C.



Figure 5: AFM phase images of crystallized E/MB after isothermal crystallization (the same area) at:

(a) room temperature, (b) 50 °C, (¢) 60 °C, (d) 70 °C, (e) 80 °C and (f) 100 °C (unoriented cylinders).
These images are cropped from the larger images shown in Figure S3a. Colour scales are (a) 9°, (b)

8° (c-d) 11°, and (f) 7°.

Figure 5 shows images of different crystal morphologies formed isothermally at a range of
temperatures: room temperature, 50 °C, 60 °C, 70 °C, 80 °C, and 100 °C. In general,
confined crystallization can be observed in two cases: firstly when the T. of the crystalline
block (E, in this study) is lower than the T, of the amorphous block (MB in this study) and
secondly when both the crystalline and amorphous blocks are strongly segregated in the
molten state and the degree of crystallinity is relatively low>. Although here in all cases the
T¢,E was greater than T, MB for the studied system, a range of crystallization modes was
observed. At temperatures of 50 °C and below, the crystals were fully confined by the pre-

existing cylinder microdomains. However, at temperatures higher than 50 °C, templated

10



crystallization (i.e. where the crystals generally grow parallel to the axes of the cylindrical
microdomains, but not exclusively) was observed. At 100°C, breakout crystallization is
observed, with the initially cylinder shaped crystals widening to form lamellae. Note the
vertical line in the centre of the images is a defect in the film that was used to help return to

the same place each time.

Moreover, by comparing the change in surface morphology caused by E crystallization at
different temperatures, it is clear that the nucleation density quickly increases as the
crystallization temperature lowers. At low supercoolings (high temperatures), such as 100 °C,
very few nucleation sites were found, as seen in Figure 5 (a). However, at larger super-
cooling (low temperatures), such as 80 °C and 70 °C, there was a significant increase in the

density of nucleation sites.

The above work was carried out on un-oriented microdomains. The same approach was used
to investigate the dependence of morphology formed from oriented microdomains on the

temperature of crystallization (Figure 6). Similar results were obtained.

11



b) Morphology Formation from Oriented Cylindrical Microdomains

Figure 6: AFM phase images of E/MB showing (a) an orientated melt structure at 112 °C and images

(b-i) showing crystallized E/MB after isothermal crystallization at: (b) 100 °C, (¢) 95 °C, (d) 90 °C,

(e) 80 °C, (f) 70 °C, (g) 60 °C, (h) 50 °C and (i) room temperature. The insets are 2D fast Fourier

12



transforms of the images. Colour scales are (a) 8°, (b) 7°, (¢) 8°, (d) 9°, (e-f) 10°, (g) 11°, and (h-i)
12°.

Figure 6 shows the melt structure of the oriented E/MB at 112 °C in image (a), and the fully
crystallized film after quenching to room temperature in image (i). The crystals were strictly

confined within the melt structure at room temperature.

The change in crystal orientation with temperature is striking, with an initial increase in
orientation on cooling, lower orientation at moderate supercooling e.g. at 80 °C and then
increased orientation at high supercooling. To explore this further we follow the

crystallization process in situ.

An equivalent set of data for samples that had not been pre-oriented is shown in Figure S3b.

3.3. Following Crystallization in Pre-Oriented Domains in Situ
After aligning the cylindrical microdomains in the melt phase with the AFM tip, the film was
then cooled to the desired crystallization temperature to be isothermally crystallized in order

to investigate the subsequent crystallization.

3.3.1. Crystallization Behaviours at Different Temperatures
The crystallization behaviour was investigated by observing the crystallization process in real
time at various temperatures. Figure 7 shows an example of following crystallization at 95
°C. Another example, at 99 °C, is given in SI4. The crystallization was followed in the
temperature range of 95-101 °C, where the AFM was able to image the crystallization in situ,
in order to study the influence of temperature on crystallization. Below 95 °C, it was not
possible to follow the crystal growth in real time, as the crystallization was found to be
complete before the imaging could be carried out. Above 101 °C, no crystallization was

observed over several hours of experiment.

13



Figure 7: A sequence of AFM phase images collected at 95 °C showing the crystallization in E/MB

from the aligned melt structure. Colour scale represents a change in phase of 5°.

Figure 7 shows templated crystallization occurring at 95 °C, with the polyethylene crystals
generally following the contours of the pre-existing E cylinders in the melt. At 99 °C (S14),

some regions of breakout crystallization could also be observed, as previously documented

for this polymer *,

In combined in-situ and ex-situ images we found interesting behaviour of crystals at a
different range of temperatures that can be divided into four categories. First, at very high
temperature (e.g. 100 °C) crystals cross domain boundaries easily which leads to breakout; in
some regions, instead of the needle-like crystals present within cylindrical microdomains, flat
lamellae lying in the plane of the sample surface can be observed. Second, as the temperature
was reduced (e.g. 95 °C) crystals grow much faster along the microdomains leading to
templated crystallization, and the flat lamellae resulting from breakout are not generally
observed. Third, as temperature was reduced further (e.g. 80 °C) crystals are observed to

cross domain boundaries again, because the nucleation density increases and the distance

14



between nuclei, required for the growing crystals to reorient, is reduced. Finally, as the
temperature is reduced even further (e.g. 50 °C), crystallization becomes confined within the
microdomains. It is unclear whether this is due to confinement changing growth direction or
because the nucleation density is so high that it dominates over growth, but the latter seems
most likely. Formation of lamellae has only been observed at high temperatures (e.g. 100 °C)
where the crystals widen and break out the cylindrical microdomains, while at lower
temperatures only needle-like crystals within cylindrical microdomains have been observed.
In these studies of isothermal crystallization (i.e. not quenching to room temperature) the best
orientation obtained was at 95 °C. If our hypothesis— that it is nucleation that is dominating
at the lowest temperatures— is correct, then although the crystal domains are oriented at
these low temperatures, we would not expect the crystal lattice to be oriented, while at 95 °C
where it has grown along the orientation direction we would expect both the domain and the
lattice to have a common orientation. We have not been able to test this due to the relatively

small size of the oriented regions in our samples.

3.3.2. Growth Rate
The growth rate of crystals was studied as a function of temperature to obtain quantitative
kinetic information about the crystallization behaviour. The distance of the crystal growth
was measured in a succession of images by measuring how far the growth front of the crystal
moved from one image to the next. The average growth rates of a number of crystallites
growing parallel to the cylinder axes, as well as those growing perpendicular, at temperatures

of 97-100 °C were measured and compared.
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Figure 8: Graphs showing the relationship between temperature and (a) the average growth rates
along the cylinder axis and the growth rate perpendicular to the cylinder axis and (b) the ratio of the

two.

From Figure 8 (a) it can be clearly seen that the growth rates along cylinders are much
higher than the growth rates perpendicular to them. Moreover, as the temperature increased,
the growth rate ratio of the crystals growing along the cylinders compared to those growing
against them decreased sharply from ~8 at 97 °C to ~4.8 at 100 °C as shown in Figure 8 (b)
(see the corresponding values of these graphs in SI §). Hence, two outcomes were observed
related to increasing the crystallization temperature: a decrease in the overall crystallization
rate and a decrease in the relative difference between the growth rates along the cylinders and

against them.

These data imply that, at high temperatures, an increase in the diffusion of E blocks between
domains and a decrease in the rate of take-up of E chains onto the growth front combine to
decrease the difference in growth rates along and against the cylinders, since the time for a

16



chain to diffuse from one cylinder to another becomes comparable to the time required for a

chain to add to the growing crystal, and breakout crystallization can occur.

3.3.3. The Transition from ‘Breakout’ to ‘Templated’ Growth
At low supercooling the nucleation density is low so for crystals to grow relatively straight in
un-oriented areas they must cross domain boundaries. Growth parallel to the oriented
microdomains happens through re-orientation of the growth direction, either from bending or

crystal branching. Such a process is shown in Figure 9.

17



Figure 9: In situ AFM phase images showing E/MB crystallization at 101 °C. Each image was

captured in 128 s, and the image scan size is 3.5 pm. Arrows have been added to aid the reader in
following the branching and curving of crystals growing against the melt structure. Black to white
scale 6°. These images are cropped from the larger images shown in SI6. The full series with some

corresponding height images is presented in SI6.

18



Figure 9 shows the partial branching of crystals that are growing against the melt

microdomains. Two different behaviours for the branching crystals are illustrated:

a) Crystal thickening and branching (see white arrows in Figure 9(d-h) until it meets
another crystal (SI6).

b) Crystals adjust their growth directions to be along the existing melt cylinders with an
increase in their growth rate, without any branching (the red arrow in Figure 9(d-f)
indicates such a situation).

Crystals growing parallel to the cylinder axes show very low rates of branching compared
with crystals growing perpendicular to the cylinders. In the case of crystals growing parallel
to the cylinder axes, the crystallization front is always surrounded to the sides by
uncrystallisable material. To branch into another domain would require a significant
alteration of the local melt structure by diffusion of copolymer. As this diffusive process is
slow relative to the growth of the crystal along the cylinder, it becomes unlikely that diffusive
processes will have enough time to alter the domain structure at the growth front to form
branches before the bulk of the material is consumed by the crystallization along the melt
domain. In the case of crystals growing against the melt domain, the crystal front is
constantly being forced to reorganize the local melt structure in order to grow. Under these
conditions, crystal growth is slowed significantly, enabling effects such as the branching and

thickening of the crystals to occur.

4. CONCLUSION
The crystallization behaviour of a cylinder-forming E/MB diblock copolymer has been
investigated in real time, in situ combined with ex situ imaging by AFM. The AFM tip has

been successfully used to control the orientation of the cylindrical E microdomains in
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different directions according to its scan direction, and then following the subsequent
crystallization. It was found that the number of defects (dislocations) reduced with an
increase in the number of orienting scans. Depending on the thermal conditions examined, a
change from fully confined crystallization to templated and breakout crystallization was
observed. Confined behaviour of crystals was observed at very high supercooling (room
temperature and 50°C), templated crystallization at intermediate temperatures, and a mixture
of templated and breakout crystallization at the highest temperatures, e.g. at 100 °C. The
difference in the morphology and the behavior of crystals growing parallel to the axes of the
pre-existing melt cylinders, and those growing perpendicular, has been explored. The growth
rates of confined crystals were higher than those of crystals growing against the established
melt structure. As the crystallization temperature increased, the overall crystallization rate
and the relative difference between the growth rates along the cylindrical microdomains and
against them decreased. This indicates that small variations in crystallization temperature can
have significant effect on the morphology and properties particularly where the melt has been

pre-aligned as may well happen during processing.

ASSOCIATED CONTENT

Supporting Information:

AFM images showing crystallization induced by the AFM tip. AFM images showing
reduction in numbers of defects. AFM images showing crystal morphology as a function of
temperature. AFM images showing crystallization in pre-oriented domains and a movie of the
same data. A table showing growth rates as a function of temperature parallel and

perpendicular to orientation axis.
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