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1 Introduction

Structure formation and coarsening kinetics of
phase-separated spin-coated ethylcellulose/
hydroxypropylcellulose films7

aC Aila Sarkka, (= ¢
® and Niklas Lorén

Pierre Carmona, (2 **® Magnus Rading,
Christian von Corswant,” Eva Olsson *ab

Porous phase-separated ethylcellulose/hydroxypropylcellulose (EC/HPC) films are used to control drug
transport from pharmaceutical pellets. The drug transport rate is determined by the structure of the
porous films that are formed as water-soluble HPC leaches out. However, a detailed understanding of
the evolution of the phase-separated structure in the films is lacking. In this work, we have investigated
EC/HPC films produced by spin-coating, mimicking the industrial fluidized bed spraying. The aim was to
investigate film structure evolution and coarsening kinetics during solvent evaporation. The structure
evolution was characterized using confocal laser scanning microscopy and image analysis. The effect of
the EC:HPC ratio (15 to 85 wt% HPC) on the structure evolution was determined. Bicontinuous
structures were found for 30 to 40 wt% HPC. The growth of the characteristic length scale followed a
power law, L(t) ~ ™ with n ~ 1 for bicontinuous structures, and n ~ 0.45-0.75 for discontinuous
structures. The characteristic length scale after kinetic trapping ranged between 3.0 and 6.0 um for
bicontinuous and between 0.6 and 1.6 um for discontinuous structures. Two main coarsening mechanisms
could be identified: interfacial tension-driven hydrodynamic growth for bicontinuous structures and
diffusion-driven coalescence for discontinuous structures. The 2D in-plane interface curvature analysis
showed that the mean curvature decreased as a function of time for bicontinuous structures, confirming
that interfacial tension is driving the growth. The findings of this work provide a good understanding of the
mechanisms responsible for morphology development and open for further tailoring of thin EC/HPC film
structures for controlled drug release.

network structure is formed. The porous microstructure of the
pellet coating determines the mass transport of the drug from

Controlled drug release formulations are used to deliver drugs
at predetermined rates and periods of time in the body to
optimize the therapeutic effect of the drug and minimize
possible side effects. One means of drug administration is to
use a pellet, that contains a drug reservoir coated with a thin,
phase separated film. When in contact with body liquids, the
water-soluble phase of the film is leached out and a porous
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the core to the surrounding liquids in the body. By controlling
the manufacturing and formulation, and consequently the
coating structure, the drug release rate can be tailored." Porous
polymer phase-separated films have shown good efficiency in
controlling the drug transport.” In this work, the two cellulose
derivatives ethylcellulose (EC) and hydroxypropylcellulose
(HPC) are used to make thin phase-separated films. EC and
HPC are well-established in the pharmaceutical industry for
controlled release applications.?

Industrial coating of drug-containing pellets with thin
phase-separated films is often performed batch-wise using
fluidized bed spraying. One challenge is to relate the properties
of the obtained polymer coating to the production process of
the pellets. During spraying, small droplets containing EC,
HPC, and ethanol hit the pellet and form a coating. Many
mechanisms are involved in the formation of the multilayer
phase-separated films on the pellets, and they compete in a
complex and time-dependent manner. Examples of involved

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Illustration of the formation of a porous phase-separated film
made of EC and HPC using spin coating with evaporation of ethanol and
kinetic trapping (top). With subsequent leaching of the water-soluble
HPC phase (bottom left), such a coating around a drug pellet facilitates
controlled release of the drug (bottom right).
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mechanisms are phase separation, kinetic trapping by viscosity
increase, rewetting, solvent evaporation, and solvent quench to
mention some. The kinetics of phase separation are directly
related to the film structure. By determining the kinetics during
solvent quenching it would be possible to understand the
different mechanisms of phase separation and coarsening that
influence the final structure.

A fluidized bed is a challenging environment for observing
the multilayer formation and phase separation during solvent
evaporation in a thin film. Spin-coating is a technique where
phase separation during solvent evaporation in a thin film is
much easier to follow and understand than in the industrial
process. Therefore, spin-coating was used in this work to mimic
the structure formation occurring during fluidized bed spraying.
It is a widely used technique for making uniform polymer films
with high reproducibility of the obtained film structure. In a
previous work,* spin-coating was utilized to form thin EC/HPC
films, and the influence of the spin-coating parameters on the
final dried structure was determined. Fig. 1 shows the formation
of a spin-coated porous film. First, EC and HPC are mixed with a
common solvent e.g. ethanol, forming a one-phase polymer
solution. Then, during spin-coating, solvent evaporation occurs,
and a dry film is produced. While ethanol is evaporating, EC and
HPC are phase separating. Finally, when in contact with water,
the dissolution and leaching of the water-soluble HPC leads to
the formation of a porous (water-insoluble) EC matrix through
which the drug flows or diffuses.

There are two phase separation mechanisms occurring in
polymer mixtures: spinodal decomposition (corresponding to
the unstable region in the phase diagram) and nucleation and
growth® (corresponding to the metastable region in the phase
diagram). The nucleation and growth phase separation mechanism
describes the formation of a heterogeneous structure from a
homogenous mixture, initiated by a nuclei.’ This leads to
discontinuous structures where different sized droplet like
inclusions appear at different times. The spinodal decomposi-
tion phase separation mechanisms involve instantaneous
growth of concentration fluctuations in the mixture with
formation of a self-similar structure with a characteristic

wavelength.” ' With spinodal decomposition’ in bulk, the
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system first evolves to a bicontinuous structure, and then the
structure either develops to a bicontinuous structure, where
the polymer phases are interconnected, or it develops to a
discontinuous morphology via a percolation-to-cluster-transition
(PCT), where droplets of one polymer are distributed in the other
polymer phase, depending on the phase volume. For the
discontinuous morphology, the droplets appear at the same time
during the structure evolution and have similar sizes. In critical
and near-critical mixtures (which correspond to a system specific
concentration interval), each phase keeps percolation. However,
in off-critical mixtures as phase separation proceeds the minority
phase cannot keep the percolation and the system undergoes
PCT." After this transition the system cannot minimize its surface
energy anymore by surface diffusion because of an entropy barrier
preventing the bulk diffusion mechanism.'* Several steps can be
identified: first the percolating morphology is broken into grains
of partly branched substructures producing a broad cluster
distribution. Secondly, when all percolation paths have been
destroyed the structure cuts its strands and a structure with
inclusions are formed. Finally, after the PCT, the structure can
continue to grow through coalescence or Ostwald ripening.

The growth of the bicontinuous or discontinuous structures
in phase-separated (bio)polymer mixtures are governed by
different coarsening mechanisms: hydrodynamic growth,®
droplet coalescence,"® and Ostwald ripening'*"’ illustrated in
Fig. 2. Hydrodynamic growth takes place within a bicontinuous
structure due to differences in the Laplace pressure which
corresponds to the pressure difference between the inside
and outside of a curved surface between two phases and is
caused by the surface tension at the interface. The Laplace
PIressure pyaplace is proportional to the product of the interfacial
tension y and the curvature'® 1/R (where R is the radius);
Draplace ~ V/R. The pressure gradient between the thinner arms
(regions with high curvature) and the thicker area (region with
smaller curvature) shown in Fig. 2a (py,...,p5 > P,) causes a
Poiseuille flow of material from the outside arms to the inner
thicker areas, causing hydrodynamic growth.

During coalescence of the discontinuous structures, the
droplets merge to form new larger droplets.'® After the creation
of a connecting bridge between the two surfaces of the droplets,

Hydrodynamlc growth

‘:\ /v,

Py —> ‘\
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E Ostwald ripening
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@

Diffusion driven

Diffusion driven
Fig. 2 Illustration of the three coarsening mechanisms, (a) hydrodynamic

growth, (b) coalescence, and (c) Ostwald ripening. in the bottom, the
corresponding time dependencies are shown.
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the speed of the coalescence results in a competition between
the capillary forces in favor of the merge and the viscous forces
slowing it down."” The coalescence can be induced by Brownian
motion, concentration gradients, or by collision-induced
phenomena."® During Ostwald ripening, smaller droplets feed
larger droplets that grow and expand."*" Both coalescence and
Ostwald ripening are governed by diffusion.

All these growth mechanisms are time-dependent, and the
characteristic length scale L(¢) approximately follows a time-
dependent power law function, L(¢) ~ ¢", where the exponent
n depends on the type of coarsening mechanism(s)."® Bray
et al.">*° studied this exponent and found two regimes: the
diffusive regime and the hydrodynamic regime, where the
exponent n is equal to:

{ 1/3 diffusive regime
n=
1 hydrodynamic regime

In Fig. 2, the coarsening of bicontinuous structure (Fig. 2a)
relates to n = 1 and the growth of discontinuous systems relates
to coalescence and Ostwald ripening with n = 1/3 (Fig. 2b and c).
The exponent n is a good indicator of which coarsening
mechanism is dominating.*" Experimentally, the coarsening
rate of bicontinuous (bio)polymer mixtures have been studied
previously”®*® and two regimes were identified: a diffusive
regime at small length scales with the exponent 1/3 and a
hydrodynamic regime at larger length scales with a transition
to the exponent 1 as first predicted by Siggia.® However,
Akella and Gidituri simulated two-droplet coalescence in two-
dimension using dissipative particle dynamics.>* They derived
different scaling laws depending on parameters as inertial/
viscous stresses and interfacial tension stresses that are in
accordance with Paulsen et al®>® They found that the time
exponent could range from 1/2 for droplets with the same size
and could be >1/2 for unequal sized droplets.

The growth law L(t) ~ t*/® was first predicted by Furukawa®®
under the conditions of capillary and inertial effects. Kendon
et al.”” used lattice Boltzmann simulations and explained that
the exponent 2/3 for the inertial regime has never been
observed experimentally, partly because the time needed for
observing this regime is very long. In addition, a n =2/3 regime
has been observed at late times in simulations of two-
dimensional binary liquids."**""?°

The theories and simulations mentioned above were
developed for bulk 3D systems. When studying phase separation
in thin films, the confinement effect needs to be taken into
account. During shrinkage of the film the phase separation
might undergo a transition from 3D to nearly 2D structure
development, and the cross-over occurs when the characteristic
length scale of the structure is in the order of the film
thickness.*

Phase separation in confinement has been studied
before.?’® 1t has been shown that the time dependency can
be influenced by the confinement. In bulk in 3D, as explained
in the previous section the length scale follows a n = 1 behavior
(hydrodynamic regime). However, for 2D structure development,
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certain hydrodynamics instabilities do not occur and instead,
coarsening occurs through a diffusive process, leading to n = 1/2.*
Note that the theories and simulations mentioned above were not
developed for system undergoing a solvent quench.

In this work, phase separation is initialized by solvent
evaporation (solvent quenching) which leads to a substantial
increase in the viscosity of the polymer mixture. This decele-
rates and eventually retards the coarsening, kinetically trapping
the structure in a non-equilibrium state.®

Phase separation induced by solvent evaporation is particularly
challenging to understand, because during the evaporation, the
state of the mixture changes continuously, and the impact of this
transforming state on the structure evolution is not fully
understood.”® However, in phase separation theory, the effect
of solvent evaporation on the phase separation has been investi-
gated. For example, previous theoretical work has shown that
faster evaporation is expected to lead to smaller features in the
final dried structures.*’ ™ The characteristic length scale of the
phase-separated structure depends on the coarsening time but
also on the time-dependent depth of the solvent quench.’**°
Faster evaporation leads to a deeper solvent quench, and the
characteristic length scale is expected to become smaller.**

Cummings et al. modelled solvent evaporation during thin
film formation in a phase-separating polymer mixture using
linearized non-equilibrium thermodynamics.*® It was demon-
strated that kinetical trapping can lead to rougher films at the
air interface. Buxton et al. have simulated the evolution of a
polymer blend solution undergoing solvent evaporation and
phase separation as the system moved from the one-phase to
the two-phase region of the ternary phase diagram.*® They
predicted that phase separation occurs initially at the air-film
surface, where solvent concentrations are the lowest and then
progressively propagates down through the film. Zoumpouli
et al. examined the effects of hydrodynamics on polymer phase
separation-induced morphologies in thin films formed during
evaporation.”” They used Cahn-Hilliard and Flory-Huggins
theories to describe the free energy of the phase-separating
systems. They found a difference between symmetric and
asymmetric systems; symmetric in terms of: system solubility
(same solvent solubility), substrate interactions (affinity with
the substrate), or concentration (i.e. 50:50 ratio). Asymmetric
systems tend to form lamellar configurations (horizontal layers)
during phase separation, whereas symmetric ones tend to form
laterally segregated configurations (vertical pillars). In this
work, structure evolution of asymmetric and symmetric
EC/HPC systems is explored.

Phase separation in EC/HPC systems has been studied
previously and it was found that in most cases, the system
phase-separates through spinodal decomposition.” In addition,
the 3D structure and porosity, pore size distribution, pore
shape and connectivity of EC/HPC films have been determined
using Focused Ion Beam Scanning Electron Microscopy
(FIB-SEM) and advanced image analysis:**' FIB-SEM allowed
identification of central features of the porous network by
quantification of channels where pore paths coincide. It was
found that the interconnectivity and porosity increase with

This journal is © The Royal Society of Chemistry 2022
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increasing amount of HPC. Information about the structure
could be obtained by analyzing the final dried microstructure
of standing EC/HPC films or pellet coatings,***° but it was not
possible to obtain information about the kinetics of phase
separation and how that influences the final structure.

In this work, we have monitored and characterized the effect
of EC:HPC ratio and film formation process on the structure
evolution and the final structure in situ using confocal laser
scanning microscopy. Image analysis was used to follow the 2D
in-plane curvature changes and to estimate the growth rate.
To the best of our knowledge, such analysis of the EC/HPC
system has never been performed before.

The overall purpose of this work was to understand the
mechanisms controlling the structure evolution during phase
separation within a thin film formed by solvent evaporation.
Here, spin-coating has been used to mimic the industrial
process, allowing for observation of the structure evolution
in situ. The total time of phase separation before kinetic trapping
was increased by reducing the solvent evaporation rate.

The paper is structured as follows: (i) the final dried structures
in thin films are presented as a function of EC:HPC ratio and two
cases are identified: the bicontinuous structure and the discon-
tinuous structure, (ii) the structure evolution is characterized in
terms of time dependency and coarsening regimes, and (iii) the
curvature evolution is investigated in bicontinuous structures.

2 Material and methods
2.1 Solution preparation

Solutions of HPC (Klucel Pharm HPC, grade LF, Ashland Inc,
Covington, Kentucky, USA) with a mean molecular weight of
95 kDa’? and EC (Ethocel Standard Premium, viscosity 10 cps,
Dow Cellulosics, Dow Chemical Company, Midland, Michigan,
USA) with a mean molecular weight of 30 kDa>® were prepared.
6 wt% of polymer blends were mixed in a solution of 2 mM Na-
fluorescein (CAS. 518-47-8, Sigma Aldrich, St. Louis, Missouri,
USA) and ethanol (CAS. 64-17-5 AnalR NORMAPUR"™ 96%, VWR
Chemical, Radnor, Pennsylvania, USA) and stirred overnight.
The EC:HPC polymer ratios studied were 15, 20, 22, 25, 30, 35,
37, 40, 45, 50, 55, 60 and 85 wt% HPC in the polymer blend.

2.2 Sample preparation by spin-coating

A spin-coater (WS-650MZ-23NPP, Laurell Technologies, North
Wales, Pennsylvania, USA) was used to spin-coat the EC/HPC
solutions. The volume of the solution was optimized and fixed
at 200 pL. The polymer solution was deposited on the surface of
a 22 mm diameter round glass bottom Petri dish (HBST-3522,
Willco Wells, Amsterdam, Netherlands). The spin-coater bowl
was equipped with nitrogen flow which ensures a nitrogen
environment while coating. The spin speed was fixed at 2000
RPM and the spin time at 3 s. The acceleration ratio, i.e. the
ratio between the acceleration speed and the spin speed, was
fixed at 1:1 (e.g. for a spin speed of 2000 RPM, the acceleration
was 2000 RPM s ).

This journal is © The Royal Society of Chemistry 2022
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Prior to spin-coating, the solutions were kept in a 25 °C
water bath and the temperature of the spin-coated bowl was
25 £ 1 °C. Films were spin-coated for only 3 s so that the film
was not totally dried when the microscope observation started.
The time ¢ = 0 s corresponds to the spinning start. Directly after
spinning, the Petri dish was closed with a lid and placed on the
CLSM microscope stage.

2.3 Confocal scanning laser microscopy

The structure evolution of the spin-coated thin film was deter-
mined using an inverted confocal laser scanning microscope
(CLSM; Leica TCS SP5, Leica, Wetzlar, Germany). A Leica 100x/
1.4 PL APO oil objective was used. A 488 nm argon laser was
used for excitation of Na-fluorescein. Na-fluorescein was used
to stain the HPC phase. The signal emitted in the interval 500
600 nm was recorded (with a peak expected at 515 nm for
maximum fluorescein emission). The theoretical lateral resolution
was about 130 nm and the axial resolution was about 330 nm.
Zooms 3x and 8x (FOV 52 and 19 pm respectively) were used,
depending on the size of the structure observed. The images were
recorded with a format of 1024 x 1024 pixels, a scanning rate of
400 Hz, and a time interval of 2.575 s between frames.

The stage and objective were heated at 25 °C, with an
incubation stage and controller system for microscopes
(Tokai Hit, Fujinomiya-Shi, Japan).

2.4 Image analysis

2.4.1 Length scale determination. Fourier image analysis
is a very pertinent tool for phase separation analysis.**™” The
exact method applied to the EC/HPC phase separated structure
is described in detail in Carmona et al.* and used in this article
to calculate the characteristic length scales of the bicontinuous
structures.

The steps in the Fourier image analysis are illustrated in
Fig. 3a-c. Fig. 3a shows an original CLSM micrograph of
37 wt% HPC and Fig. 3b displays the corresponding power
spectrum, where each point represents a frequency contained
in the real domain image. In Fig. 3c, an intensity peak that
represents the dominant frequency in the Fourier space is
visible showing the characteristic length scale in the original
image. Finally, an estimate of the characteristic length scale L
was obtained as L = FOV/u with p being the mean of the radial
distribution representing the peak in Fig. 3c and FOV being the
field of view of the micrograph in um.

For discontinuous structures, a complementary image analysis
method was developed. Fig. 3d-f are showing the different
steps. First, noise reduction and smoothing were performed
as in Carmona et al® Second, the image was binarized using
thresholding and the features on the edges of the image were
removed, see Fig. 3e. The threshold value was selected to corre-
spond to the volume fraction of EC and HPC on the micrograph.
It was found that the HPC volume fraction corresponded to the
weight fraction in the polymer blend +10%, i.e. for an EC:HPC
ratio 50: 50 the threshold value was 0.6. Third, the area A of each
element (white objects in the figure) was calculated. Fourth,
assuming that each element is a perfect circle, the (equivalent)

Soft Matter, 2022, 18, 3206-3217 | 3209
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estimating the characteristic length scale. bicontinuous structure: (a)
micrograph of a bicontinuous structure, with HPC 37 wt% at t = 256 s,
(b) the corresponding power spectrum obtained by FFT, (c) the radial
distribution of spectral intensity, with the peak corresponding to the
characteristic length scale; discontinuous structure: (d) micrograph of a
discontinuous structure, with HPC 45 wt% at 243 s, (e) the corresponding
binarized image, and (f) estimation of the diameters of the inclusions.
The bright phase is HPC, and the dark phase EC.

diameter D was estimated by D = 2,/(4/n). Finally, the mean
diameter was calculated in micrometers by averaging the
diameter values and multiplying by the pixel size. Fig. 3f shows
the circular shapes of the discontinuous structure and the
corresponding calculated length scales.

2.4.2 Power fit and determination of time dependency. It
was shown that during coarsening, the domains grow in a time
dependent manner such that the length scale can be described
by L(t) = at"**."®*%>® The three parameters, the domain growth
rate a, the exponent n, and the constant ¢, were estimated from
the experimental values of L obtained by image analysis using
least squares. Fig. 4 shows an example of the mean inclusion
diameter as a function of time for the EC:HPC ratio 55 : 45 wt%.
The limits for the fitting (start and end values of t) were
determined manually for each series of micrographs by
locating the inflection points at the start and end of the growth
(see the limits in Fig. 4 where the fitting was performed
between 132 s and 243 s). The length scale of the plateau
describes the characteristic length scale after the kinetic arrest
of the structure.

2.4.3 Curvature map of the interface between EC and HPC.
During hydrodynamic growth, the domains are coarsening, and
the shapes evolve from high curvature (small radius) to low
curvature (large radius). Being important indicators of the
coarsening mechanisms, the time-dependent changes of the
curvature at the EC/HPC interface in the 2D plane of observation
(in-plane) during the coarsening are therefore evaluated. Note
that this 2D in-plane analysis will not provide information about
the curvature in the z-direction or possible saddle points.
To obtain the curvature, a method developed by Coeurjolly and
Svensson called the osculating radius formula was used.*”

Fig. 5 shows an example of the estimation of the curvature at
the EC/HPC 2D interface performed in the following fashion.
First, a background subtraction was done by smoothing the

3210 | Soft Matter, 2022, 18, 3206-3217
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Fig. 4 Estimation of the length scale as a function of time for the EC : HPC
ratio 55:45 wt%, showing the estimated mean diameters (blue), and the
power law fit (red line). The estimated start and end points of the growth
stage are also indicated. In the insert, the part of the data being used for
the fit is shown together with the estimated power law relationship.

original image with a 2D Gaussian smoothing kernel with high
standard deviation (¢ = 100) and subtracting the smoothed
image from the original. Second, the resulting image was
smoothed with another Gaussian filter (¢ = 10) for noise
reduction, see Fig. 5a (in dark the EC phase and in bright the
HPC phase). Third, the image was binarized using thresholding,
see Fig. 5b (in white the EC phase and in black the HPC phase).
Fourth, the interfaces were identified and extracted as indepen-
dent curves. By using the osculating radius formula, the local
curvature on each point of a curve can be estimated. Fig. 5¢
shows the interfaces (the color scale corresponding to the

838

OIS TN 502N 2.
curvature (1/um)

Fig. 5 Illustration of local curvature estimation, showing (a) micrograph
with HPC 37 wt% at 495 s (EC is dark, HPC is bright), (b) binarized image
(EC is white, HPC is black), (c) identification of the interface and calculation
of local curvatures along the interface, (d) histogram of the local curva-
tures, (e) example of a single interfacial curve extracted from the micro-
graph (red square in (c)), and (f) the corresponding local curvature values
for each point along the curve in (e).

This journal is © The Royal Society of Chemistry 2022
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curvature value, yellow indicates high curvature and blue
indicates low curvature). Fig. 5d shows the distribution of the
curvature values estimated from all the EC/HPC interfaces in the
micrograph. Fig. 5e is an example of a curve extracted from
Fig. 5¢c (red square). In Fig. 5f, the same curve is plotted in the
xy-plane and the local curvature on each point is plotted on the
z axis. For large radii of interface (straight curve), the curvature is
low and for small radii of interface, the curvature is high. To
follow the time dependent changes of the curvature, the mean
curvature is calculated from the distribution in Fig. 5d and
plotted versus time to follow the curvature evolution.

3 Results and discussion

The structure evolution and the final dried structure are
investigated, and different structure categories defined. An
overview of the influence of the EC:HPC ratio on the in-plane
structure evolution and possible explanations for the different
coarsening mechanisms and phenomena involved in the
structure formation are given.

3.1 Film structure and phase separation mechanisms

3.1.1 The effect of EC:HPC ratio on the characteristic
length scale of the final dried film. In this section, we focus
on the characteristic length scale of the final dried film struc-
ture. The main parameter that was varied was the EC:HPC ratio:
13 different ratios from 15 to 85 wt% HPC were investigated. The
characteristic length scale for each EC:HPC ratio was calculated
using image analysis and plotted versus the HPC fraction in
Fig. 6. The corresponding CLSM micrographs show the trapped
structure at the time the plateau is reached (see Fig. 4 for an
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explanation of the plateau). The image analysis was performed
on the CLSM micrographs acquired at the plateau. We observe
that the length scale at the plateau is within the same range,
L ~ 0.6-1.6 um, for the discontinuous structures that corre-
spond to 15, 20, 22, 45, 50, 55, 60, 85 wt% HPC. The smallest
structures are found at 15 and 85 wt% HPC. It can be noticed
that the size of the discontinuous structures decreases then the
concentration of HPC increases from 45 to 85 wt%. Similarly, it
can be noticed that the size of the discontinuous structures
increases when the concentration of HPC increases from 15 to
22 wt%. The fraction 22 wt% HPC is probably close to the
boundary between the metastable and the unstable regions.
By studying permeability and leaching of EC/HPC films with
different compositions, Marucci et al.®® discovered the presence
of a percolation threshold at about 22 wt% HPC. When the HPC
fraction exceeded 22 wt%, both the amount of HPC leached out
and the water permeability of the films increased with the HPC
ratio up to a certain concentration of HPC. HPC 25 wt% appears
to be on the limit between discontinuous and bicontinuous
structures.

For the bicontinuous structures (30, 35, 37, 40 wt% HPC),
the length scale is significantly larger, ranging between 3.0 pm
to 6.0 pm. The maximum characteristic length scale is obtained
at 30 wt% HPC.

3.1.2 Phase separation mechanisms. It was seen in the
previous section that different phase-separated morphologies
can be obtained by changing the EC:HPC ratio. In Fig. 7 at the
bottom, schematic illustrations of possible structures are dis-
played. At the top in Fig. 7, an illustration of the corresponding
location in the ternary phase diagram is shown. Depending
on the path that the mixture follows when moving from the
1-phase to the 2-phase region, and the kinetics, different

2L
[ P ..
R

X

45 50 55 60 65 70 75 80 85 90

HPC fraction (wt%)

Fig. 6 Length scale at plateau versus HPC fraction (m + sd) together with the corresponding micrographs (HPC is bright, EC is dark).
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Fig. 7 Schematic illustration of the possible structures that can be
obtained after phase separation of EC and HPC, showing the ternary
phase diagram of EC and HPC in ethanol (top) and some examples
(a)—(e) of possible structures; (a) and (e) are in the metastable region,
whereas (b)-(d) are in the unstable region. further, (c) is bicontinuous
whereas the rest are discontinuous. NG is nucleation and growth; SD is
spinodal decomposition; PCT is percolation to cluster transition.

mechanisms of phase separation and different morphologies
are obtained.®'®?%! Fig. 7 shows an illustration of the struc-
tures obtained in Fig. 6 after phase separation as a function of
the EC:HPC ratio: (i) cases a and b, when a discontinuous
structure with HPC inclusions in an EC matrix is obtained. a is
in the metastable region, where the structure is formed by
nucleation and growth. b is in the unstable region, where the
discontinuous structure is formed by spinodal decomposition
followed by PCT. The occurrence of the PCT depends on many
factors. In the EC/HPC system, the drying kinetics play an
important role for the occurrence of the PCT. With faster drying
kinetics, it is more likely that a bicontinuous structure is
formed and vice versa. (ii) case ¢, when bicontinuous structures
are formed by spinodal decomposition and each phases keep
percolation. (iii) cases d and e with a discontinuous structure of
EC inclusions in an HPC matrix. Case e is formed by nucleation
and growth and d by spinodal decomposition followed by PCT.
In Fig. 7 at the bottom, the difference between a and b and
between d and e is that the inclusions for b and d have
similar size (probably appearing at the same time) whereas
for a and e, they are of different sizes (probably appearing at
different times).
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By analyzing the time series of the structure development of
the different replicates for the ratios studied, we propose the
following phase separation mechanisms. Among the cases
shown in Fig. 7, we believe that the HPC fractions from 15 wt%
to 20 wt% correspond to case a. The structure development of
22 wt% HPC indicates that it corresponds to case b, which is in
accordance with the percolation threshold found by Marucci
et al.®® at 22 wt% HPC. Below the percolation threshold HPC
inclusions are trapped in an EC matrix from an early stage of the
phase separation and cannot be leached out. Hence, the most
probable mechanism is nucleation and growth for 15 wt% and
20 wt% HPC, and spinodal decomposition followed by PCT for
22 wt% HPC. 25 wt% HPC is believed to be on the limit of cases
b and ¢, which is consistent with the results shown in Fig. 6.
The bicontinuous structure observed for HPC fraction from
30 wt% to 40 wt% are formed by spinodal decomposition and
correspond to case c. For the fractions from 45 wt% to 60 wt%
HPC, discontinuous structures are observed with inclusions of
similar sizes which is likely formed by spinodal decomposition
followed by PCT (case d). Note that the formation of bicontinuous
and discontinuous structures in the EC/HPC system is dependent
on the drying kinetics. Finally, due to larger variations in droplet
size it is likely that HPC 85 wt% corresponds to case e.

3.2 Coarsening of phase-separated structures

3.2.1 Structure evolution during phase separation. The
combination of spin-coating in a Petri dish, closed directly
after spinning, and confocal microscopy allowed us to produce a
uniform wet film, and to follow the evolution of the phase
separated structure during solvent evaporation. We give an
overview of the structure evolution of phase-separated structures
taking place in spin-coated EC/HPC thin films.

Among the 13 ratios, we identified three situations that are
represented in Fig. 8: (i) bright HPC droplet-like inclusions in a
dark EC matrix forming a discontinuous structure, observed for
the ratios 15 to 22 wt% HPC (cases a, b in Fig. 7); (ii) a
bicontinuous structure, where the volume fraction of EC and
HPC are rather similar and the domains are interconnected,
observed for the ratios 30 to 40 wt% HPC (case c in Fig. 7); (iii)
dark EC droplet-like inclusions in a bright HPC matrix forming
a discontinuous structure, observed for the ratios 45 to 85 wt%
HPC (cases d, e in Fig. 7). Fig. 8 shows CLSM micrographs
displaying the film structure evolution for 22, 37 and 60 wt%
HPC at different key time points during the phase separation.
These three HPC concentrations exemplify a discontinuous
structure with HPC inclusions in a continuous EC phase
(22 wt% HPC), a bicontinuous structure (37 wt% HPC), and a
discontinuous structure with EC inclusions in a continuous
HPC phase (60 wt% HPC). The first column corresponds to the
one-phase stage before the phase separation has started. In this
stage, EC and HPC are compatible, and the CLSM micrographs
show a homogeneous mixture. The second column represents
the phase separation start and some vague structures can be
observed, including bright inclusions of HPC in the EC matrix
for 22 wt% HPC, dark EC inclusions in the HPC matrix for
60 wt% HPC, and interconnected structures for 37 wt% HPC.

This journal is © The Royal Society of Chemistry 2022
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indicated on the pictures, with t = 0 s corresponds to the spinning start.

The third column corresponds to the growth start (see also Fig. 4).
The fourth column shows the structure during coarsening. The
fifth column corresponds to the time when the growth ends
(see also Fig. 4). After this point, the structure is kinetically
trapped and does not grow anymore. Finally, the sixth column
corresponds to the structure at plateau, when the evaporation
process is complete, and only dried polymers remain.

It can be noticed from the third column to the fifth that
the structure evolution is noticeably different depending on the
EC:HPC ratio. As observed in Fig. 6, the length scale of the
structures at the plateau in Fig. 8 is significantly larger for
the bicontinuous structure (HPC 37 wt% Fig. 8b) compared to
the discontinuous structures (Fig. 8a and c). In Fig. 8b secondary
phase separation, where small domains appear in already phase
separated bigger domains,*>**®* is observed between 284 s
and 495 s.

In further a further experiment,®* the cross section of the film
was monitored, and the shrinkage of the film was investigated.
By identifying the upper and lower interfaces of the film it was
possible to estimate the thickness of the film during solvent
evaporation. This allowed the estimation of the shrinkage rate
and the estimation of the ethanol content at each time of the
phase separation. The thickness of the film is in the order of
10 pm at 35 s after spinning and 2 pm at the end of the shrinkage
process. The time for plateauing in shrinkage was about 200 s,
which corresponds to the time when the structure is kinetically
trapped, and the length scale increase is plateauing.

This journal is © The Royal Society of Chemistry 2022

Each EC/HPC phase separation displayed in Fig. 8 occurs
through spinodal decomposition’” which correspond to the
cases b, ¢, d shown in Fig. 7. In the case of 37 wt% HPC
(Fig. 8b), the pattern at 256 s corresponds to a typical spinodal
decomposition pattern and the coarsening observed at 284 s
and 328 s corresponds to the self-similar growth step of
spinodal decomposition,’ i.e. case ¢ in Fig. 7. The micrographs
corresponding to 22 wt% and 60 wt% HPC in Fig. 8a and c,
respectively, show discontinuous structures that are likely
formed through spinodal decomposition followed by PCT.
The relatively slow kinetics of the structure formation allow the
structure to go through PCT and to form discontinuous droplet-
like structure. One explanation supporting this hypothesis is that
the inclusions have similar sizes and appear at the same time.
In addition, the other possible mechanism responsible for such
discontinuous structures would be nucleation and growth, but
that is rare in polydisperse polymer systems® (and takes place in
relatively off-critical mixtures,®® like 15 wt% and 85 wt% HPC).

It can be noticed that in this work the bicontinuous structures
are obtained at ratios ranging from 30 to 40 wt% HPC and not
around 50 wt% HPC as it could be expected. There is a difference
between the EC/HPC weight ratio in the polymer blend and the
EC/HPC volume fraction in the final dried film. When determin-
ing a thresholding value for the micrograph binarization the
EC:HPC volume fraction value was investigated. It was found
that the 50:50 volume fraction was obtained for approximately
40 wt% HPC in the polymer blend.
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Fig. 9 Example of hydrodynamic growth of the structure during coarsen-
ing of HPC 37 wt% spin-coated at 2000 rpm during 3 s (HPC is bright, EC is
dark). the Laplace pressure gradients that cause the poiseuille flow and the
hydrodynamic growth are indicated (red arrows). the scale bar displayed at
315 s is valid for all micrographs.

3.2.2 Coarsening mechanisms. The coarsening mechanism
influences the structure growth rate of the bicontinuous and
discontinuous structures. The focus here is on investigating the
coarsening and determining which growth mechanisms are
active.

The series of CLSM micrographs in Fig. 9 is showing an
example of a time-dependent structure evolution in a bicontin-
uous structure with 37 wt% HPC. The structure evolution is
typical for the hydrodynamic growth mechanism. In the middle
of the first micrograph at 264 s, a large dark EC domain with arms
attached to a central body is shown. The interfacial curvature is
high in the arms, which corresponds to higher Laplace pressure.
The red arrows in the CLSM micrograph at 269 s represent the
Laplace pressure gradients from the arms to the center causing a
Poiseuille flow. Thus, EC is flowing from the arms to the center as
we can observe in the series of micrograph from 264 s to 315 s.
At the end of the coarsening, the interfacial curvature has
decreased. Similar coarsening behavior can be seen for several
domains in the bicontinuous structure evolution in Fig. 8b.
Similar behavior has been found also in other systems: Bouttes
et al. observed hydrodynamic coarsening for silicate melt and
noticed the similar changes of curvature over time caused by flow
from regions with high curvature towards the regions with low
curvature.'

In Fig. 8b, between 328 s and 495 s, the number of small
droplets is decreasing. We believe that the small non-merged
droplets were formed through secondary phase separation.
The decrease of the number of droplets might be explained
by Ostwald ripening (Fig. 2c), feeding bigger ones by diffusion.
If Ostwald ripening is indeed taking place, it would support the
idea that different coarsening mechanisms are competing
during the phase separation.

In Fig. 10, three CLSM micrographs at 45 wt% HPC were
selected to show an example of structure evolution that takes
place during coarsening in discontinuous structures. After
the PCT, the structure can grow through coalescence and/or
Ostwald ripening. At ¢ = 281 s, two dark EC inclusions start to

3214 | Soft Matter, 2022,18, 3206-3217

Fig. 10 Example of coalescence observed during the phase separation of
EC:HPC 45:55 wt% (HPC is bright, EC is dark).

move towards each other (indicated by red arrows) and finally
coalesce at t = 302 s, which increases the inclusion size.
This type of coarsening mechanism is typically observed in
discontinuous structures. The initial and final states are
structures with circular inclusions.

By analyzing the time-dependency of the structure evolution,
we can estimate which coarsening mechanisms are dominant
during the phase separation as a function of EC:HPC ratio.

3.3 The time dependent structure evolution

The length scale time dependency is defined as L(t) = a-t" + c,
where a is the domain growth rate and n is the time
exponent.'®?%38 Fig. 11 shows the length scale time dependency
and the domain growth rate of the phase-separated structure.
It can be noted that the combination of a and n defines the
overall coarsening rate; larger values of both a and n will
correspond to a higher growth rate. The parameters a and n
were estimated from the data by fitting L(¢) to the experimentally
obtained length scales, see Fig. 4 for procedure.

In the following section we will analyze the different expo-
nents obtained for each EC/HPC ratio and correlate the find-
ings with corresponding coarsening mechanisms. To do so, we
will compare the values determined experimentally with pre-
vious work in the literature. However, note that the theories and
simulations on time dependent coarsening mentioned in the
introduction do not include solvent evaporation.

In Fig. 11a, for the bicontinuous structures (30, 35, 37 wt%
HPC), the time exponent is close to 1, showing that the inter-
facial tension-driven hydrodynamic coarsening is dominating.®
Note that 25 wt% HPC also exhibits an exponent close to 1

H Length scale time dependency u Domain growth rate

1.4 0.65
Lt)=at"+c

s
w

0.55

I
0.45

=
1
1
1
T
et

0.35

exponent n

OCO00000000REE
oRrNwhrUOINRLORN

0.25

e L

-0.05 ¢

T w|m
1

+——
——
———
——
———

owth rate a (um/:

o

=
«

35 55 75
HPC (wt%)

40 60 80
HPC (Wt%)

Fig. 11 Time dependency analysis, showing (a) the parameter n versus the
HPC fraction (m + sd), also showing two different regimes of coarsening,
the diffusive regime (1/3, bottom red dotted line) and the hydrodynamic
regime (1, top dotted red line), (b) the parameter a corresponding to the
domain growth rate versus the HPC fraction (m + sd).
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showing that the main growth occurs trough interfacial tension-
driven hydrodynamic coarsening. Films made of 40 wt% HPC
are also bicontinuous, and the time exponent is approximately
0.7. For the discontinuous structures, the exponents are lower
and closer to 1/3 showing that the diffusive regime is having an
important role in the coarsening. The exponent is approximately
0.45 for 20 wt% HPC. For 45, 50, and 55 wt% HPC, the exponent
is close to 2/3 which is observed for asymmetric systems, ie.
where the volume fractions of the two polymers are far from
50:50. This result for EC/HPC systems is different from the
results by Datt et al.>® who used 2D-simulations to calculate the
growth law exponent and found the exponent 2/3 for symmetric
systems, whereas asymmetric systems would have the exponent
1/3. However, the exponent value of 2/3 we observed might show
that several mechanisms are competing. The exponents found
for the discontinuous structures are on the same level as the
exponents found in simulations performed by Akella and
Gidituri.>* They showed that coalescence can follow a scaling
law with an exponent of 1/2 in the outer viscous regime. The
outer viscous regime is characterized by the high viscosity of the
surrounding fluid, which is valid then HPC is the continuous
phase, since the molecular weight of HPC is much higher than
the molecular weight of EC.

In Fig. 11b the domain growth rate a is plotted versus the
HPC ratio. The bicontinuous structures exhibit a higher
domain growth rate (@ > 0.05 pm s '), indicating that the
systems coarsen faster than the discontinuous structures. With
a higher domain growth rate, it is likely that the final structure
will exhibit higher length scale. These results are in accordance
with the results of Fig. 6, where the length scales are larger for
the bicontinuous structures than for discontinuous ones. On
the contrary, the circular shapes in the discontinuous structure,
mainly formed by diffusion-driven coarsening, are growing at a
slower rate (@ < 0.05 um s~ ') and exhibit smaller length scales.
Finally, it can be noticed that 40 wt% HPC has the highest
domain growth rate, supporting a bicontinuous structure in
this case.

It should be mentioned that it is not unambiguous how to
interpret the power law fit in this case since the system undergoes
a solvent quench and the driving force for phase separation is
continuously changing with solvent evaporation. However, if it is
used consistently with all EC/HPC ratios, it can still be used to
compare the different EC/HPC ratios. The exponent can be related
to the dominant mechanisms during the short time of monitor-
ing: between the start of the phase separation and the trapping.

3.4 2D in-plane curvature evolution

To investigate hydrodynamic coarsening, we evaluated the 2D
in-plane curvature evolution. A novel image analysis method
was developed to assess the time-dependent curvature changes.

Fig. 12 shows an example of the curvature evolution of a
bicontinuous structure (HPC 37 wt%). In Fig. 12a-c, the color
maps show that the curvatures are decreasing with time. Small
structures with high curvature (yellow) that are present in the
beginning are disappearing and structures with low curvature
(blue) are being formed. This behavior is similar to the example
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Fig. 12 Curvature map and curvature evolution over time for EC: HPC
78:22 wt%: (a)-(c) curvature maps from 256 s to 495 s and (d)-(f)
corresponding histograms of curvature, also indicating the mean curva-
ture. t = 0 s corresponds to the spinning start.

showed in Fig. 9. Fig. 12d-f are showing the corresponding
curvature distributions. The curvature distribution at 256 s
(Fig. 12d) is rather wide. However, as time passes, the curvature
distributions become narrower and are shifting towards lower
curvature values. This is also reflected by the decreasing mean
curvature (1/Rpean) marked in Fig. 12d-f. The results in Fig. 12
show that the coarsening of the bicontinuous systems at HPC
37 wt% is governed by interfacial tension-driven hydrodynamic
coarsening. This is strengthened by the results in Fig. 11
showing that the exponent in the time dependency L(¢) of the
formation of bicontinuous structures was close to 1, which
according to Siggia® is showing a dominance for interfacial
tension-driven hydrodynamic coarsening.

Fig. 13 shows the time-dependent evolution of the mean
curvature (average of three replicates) for the bicontinuous
structures (30-40 wt% HPC) and 25 wt% HPC. It can be seen

1.0 m HPC 25wt%
e HPC 30wt%
A HPC 35wt%
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E ¢ HPC 40wt%
=y e
os J'. -
o
=}
® 0.7
c
3>
[&]
S 0.6
[0
1S
0.5+
0.4 T T T T T
50 100 150 200 250 300
time(s)

Fig. 13 Mean curvature versus time for the EC:HPC ratios 25, 30, 35, 37,
40 wt% HPC.
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that the mean curvature in the early stage of phase separation
(t = 100-120 s) is high for all the ratios (in the range 0.8-
0.9 um™ %), signifying that the growing shapes exhibit small
radii. Typically, the curvature decreases and the shape of the
structure changes rapidly between 140 and 200 s, and at about
250 s a plateau is reached due to the kinetic trapping of the
structure. This behavior is observed for the ratios 30, 35, 37 and
40 wt% HPC, for which the structure is bicontinuous. For
25 wt% HPC, the drop of curvature is less pronounced. This
is in accordance with the observation that the fraction 25 wt%
HPC is at the limit between bicontinuous and discontinuous
(limit between cases b and c in Fig. 7). It appears that for HPC
25 wt%, the phase separation happens through spinodal
decomposition creating a bicontinuous structure. This struc-
ture first grows through self-similar growth and hydrodynamic
coarsening (giving rise to the exponent n close to 1 in Fig. 11).
Then in the end, slightly before kinetics trapping, the PCT
occurs resulting in the discontinuous structure observed in
Fig. 6, and in the plateauing of mean curvature reduction
observed in Fig. 13.

The combination of the results in Fig. 11-13 clearly shows
that the growth of the bicontinuous structures (30-40 wt%
HPC) in phase separated EC/HPC systems is governed by
interfacial tension-driven hydrodynamical coarsening.

4 Conclusions

An experimental setup was developed and optimized to observe
the structure evolution of phase separating EC/HPC systems
in situ using CLSM. In addition, a new image analysis method
was developed to determine the 2D in-plane curvature evolution
of bicontinuous structures. The influence of the EC:HPC ratio on
the final structure, structure evolution, structure growth rate,
and coarsening mechanisms was determined.

Two types of structures were identified: bicontinuous struc-
tures for 30, 35, 37, and 40 wt% HPC and discontinuous
structures for 15, 20, 22, 45, 50, 55, 60, and 85 wt% HPC.
The results indicated that 25 wt% HPC was on the limit of
bicontinuous and discontinuous. The typical length scale at
plateau varied between 0.6 and 1.6 pm for the discontinuous
structures and between 3.0 and 6.0 um for the bicontinuous
ones. Bicontinuous structures were related to a hydrodynamic
regime with interfacial tension-driven hydrodynamic coarsen-
ing. A diffusive regime with coalescence, small structures, and
slow growth rate were found for the discontinuous structures.
Larger structures and higher growth rates were found for
the bicontinuous structures than for the discontinuous ones.
The exponent n of the growth rate L(t) ~ " was also different
for the two structures, n ~ 1, for the bicontinuous structures
and, n ~ 1/3-2/3 for the discontinuous ones.

Evaluation of the curvature evolution of the interface
between EC and HPC showed that the mean curvatures of
bicontinuous structures decreased with time and that the
curvature distributions became narrower. It was found that
materials are transported from domains with high curvature to

3216 | Soft Matter, 2022, 18, 3206-3217

View Article Online

Paper

domains with low curvature, which results in growth of the
low curvature parts of the structure. The observed curvature
evolutions support an interfacial tension-driven hydrodynamic
coarsening mechanism of the bicontinuous structures.

This work on phase separation kinetics has provided new
understanding of the coarsening mechanisms controlling the
phase-separated structure of thin EC/HPC films. In an ongoing
study, film cross sections during the phase separation and
shrinkage of the film are investigated allowing us to assess
the 3D structure, estimate the evaporation rate and determine
the effect of the EC:HPC ratios on the structure evolution, and
characterize the transition from 3D to 2D coarsening during
shrinkage.
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