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Abstract
Segregation of polymer chains of different molecular weights is a well-known process. A
traditional experimental approach of studying phase segregation in thin films composed of
polymer blends with identical chemical compositions but different molecular weights was
focused on functionalizing chemical groups or modifying end groups. In this study, however, a
different approach was proposed. Polystyrene with bimodal molecular weight distribution, but
no additional chemical modification was used. The films were prepared by spin-coating, and
the segregation between polystyrene phases was investigated by force spectroscopy. The
solubility of bimodal polystyrene was explored. At the proper molecular weight distribution
and soluted in methyl ethyl ketone, phase separation occurred. The introduction of moist airflow
induced the secondary phase separation of the lower molecular weight into islands and the

heavier fraction self-organized into a honeycomb. As a result, an easy, fast, and effective
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method of obtaining island/honeycomb morphologies was demonstrated. The possible

mechanisms of the formation of such structures were discussed.
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coating; honeycomb; breath figures; liquid-liquid phase separation; viscoelastic phase

separation; secondary quench;

Introduction

Complex morphologies compromising micro-islands and especially micropillars have gained
attention due to their wide range of possible applications, such as their special wetting
properties (1,2), application in studying biofilm formation (3), or controlling stem cell
differentiation (4). Two widespread methods that allow the creation of a broad range of
structures of polymer thin films (PTFs) are spin-coating (5) and breath figures (6). These
methods were applied for manufacturing organic ferroelectric switches (7), light-emitting
devices (8), sensors (9,10), drug delivery systems (11,12), biologically active surfaces (13,14),
functional nanostructured surfaces (15,16), and membranes (17). These processes rely heavily
on the interaction dynamics between the solvent, the polymer, and the vapours in the vicinity
of the surface. During spin-coating, a droplet of a mixture of a solvent and one or two polymers
is dropped onto the substrate. Subsequently, the substrate is rotated very quickly to cover it
uniformly with the solution's liquid film. As a result, the solvent evaporates. Thus, solvent and
temperature quench occurs. The spin coating can be divided into time regions. At first, the
liquid solution’s droplet is spread hydrodynamically over the substrate. This regime is often
referred as hydrodynamic thinning. Later on, when a flat layer of the solution has obtained, the

evaporation of the solvent is responsible for further thinning of this layer.(18) Changes in the
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solvent volume fraction and temperature often lead to unintentional or intentional liquid-liquid
phase separation.(19) It has been argued that such phase separation often starts in the early
stages of the regime controlled by evaporation.(19,20) Further spinning of the solution leads to
gel formation, which eventually slows down the diffusion inside the film. As a result, the
morphology becomes frozen in time before reaching equilibrium. The time necessary for the
morphology to stop evolving depended on the solvent evaporation rate, solution viscosity,
spinning rate, and substrate thermal properties.(21-23) During coating formation range of
events attributed to the local thermal instabilities takes place: heat transfer between the bottom
and the top layers of the film; heat transfer from the air above the layer; heating the substrate
by the surrounding air; local lateral temperature variance, due to the thermal conductivity and
heat capacity of the substrate.(23) These events may lead to the unnecessary or intended
waviness of the coating profile. This undulation is often attributed to two interconnected
phenomena. One is the flow of the liquid due to the thermal convection. The second is the
surface tension gradient due to local composition differences, which manifests in solvent-rich
or solvent-depleted areas.(18) The solvent-depleted areas have higher surface tension, thus,
pulls the liquid towards these areas and up, while the solvent-rich areas sink, forming valleys.
High centrifugal force during spin-coating is often a cause of elongation of the mentioned
structures. As a result, long stripes extending from the centre of the sample are observed. Using
solvent with low surface tension, the addition of a surfactant or using a mixture of solvents can
suppress the formation of these features. Furthermore, decreasing the amount of heat can
suppress the formation of the convection cells and allow smooth coating preparation.

In the second technique mentioned above, breath figures appear on the liquid film's surface
when the humid airflow accelerates the evaporation rate. Successively, the temperature
decreases, which results in nucleation and growth of water droplets. These droplets create a

regular honeycomb array of cavities in the film. The temperature increased to that of the
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surroundings, and the droplets evaporated, leaving a porous surface, after most of the solvent
had evaporated, The start of droplet nucleation is governed by the onset time related to the
solvent evaporation rate, solution concentration, and airflow.(24)

The location and width of the MWD can affect, solid thin polymeric film formation to achieve
unique properties (25). Wu et al. studied the effect of MWD on the self-assembly of end-
functionalized polystyrenes. They proposed a new way of controlling the morphology of PTF
obtained via breath figures by changing the MWD width. As a result, a porous membrane with
higher robustness was obtained.(26) The width of the MWD can be tailored either within the
polymerization process (27,28) or by mixing two polymer species with a very narrow MWD
(29). Heitmiller et al. reported a heterogeneous melt of polyethylene had a higher flow index
than a homogeneous melt.(30) The investigation performed by Koningsveld et al. has shown
that the bimodal MWD has a significant effect on the liquid-liquid binodal curve of polymers
in solution.(31) Phase regions characterise such solutions, and liquid-liquid phase separation
between polymer- and solvent-rich fractions can occur. Zeman et al. demonstrated that the
critical concentration enabling phase separation in a solution of two polymer species decreases
with an increase in the molecular weight Mw.(32) Moreover, even when the polymer-polymer
interactions are athermal, i.e. the Flory-Huggins interaction parameter y equals zero, and phase
separation can occur due to the large difference in entropy between long and short chains, which
act as separate entities and influence the viscosity of bimodal solutions.(33) The evaporation of
the solvent followed by temperature quench can be responsible for phase separation as the
Flory-Huggins parameter is temperature dependant and decreases with temperature. The
quenched mixture can turn from the one phase state to an unstable state. Interestingly,
Henderson et al. have investigated a two-step process where the first temperature quench forces
the phase separation, and the spinodal structures are allowed to coarsen, next, even deeper

quench is enacted.(34) This two-step quench led to the formation of small well-dispersed
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domains within the primary domains. Intriguingly, the combined spin-coating and breath figure
methods would lead to two quench and heating events. First, the solvent evaporation would
decrease temperature. Secondly, the water condensation would increase the temperature, and
finally, the evaporating water would again decrease the temperature. Another interesting theory
is the “viscoelastic phase separation”. There, the phase separation occurs due to an imbalance
of the viscoelastic properties of the components.(35) Polymer melt with bi-modal molecular
weight shows non-linear rheology. A rheological investigation by Hengeller et al. has reported
two regimes of stress relaxation in such melt, where either the only short or only long chains
underwent stress relaxation, depending on the time scale.(36) Harris et al. found that the
viscosity of the blend of bimodal polystyrene can be considered a sum of components.(37) It
has been discussed that blending polystyrenes with different molecular weights mixed the
entanglement types between polymer chains. The polymer concentration in the solvent changes
how the polymer chains interact. Two polymer chains act as separate entities, provided that the
concentration is below the overlap concentration (C*). However, once the overlap
concentration occurs, the polymer's cooperative motion starts, and the behaviour of the solution
changes.(38,39)

Successive research has focused on studying how polymer chains of varying lengths segregate
in PTFs. Hariharan et al. investigated the effect of the entropy of spin-coated and annealed
bimodal PTFs on polymer chain segregation.(40) It was shown that higher entropy of shorter
chains led to their segregation on the PTF surface, while the longer chains' lower entropy
promoted their segregation in bulk. Tanaka et al., in turn, studied spin-coated polystyrene
blends with low and high Mw with narrow MWD utilizing toluene as a solvent. They reported
that PTFs consisting of polystyrenes with a low molecular weight demonstrated surface
segregation after thermal treatment.(29) Several other recent studies have illustrated the

segregation of lower molecular mass elements towards the surface during annealing.(41-45)
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On the other hand, it has been shown that deuterated polymer segregation can change the
surface roughness after annealing the coating.(46—49)

In the present study, to modify the coating’s morphology, we decided to explore the phase
separation between two kinds of polystyrene, with low and high molecular weight, mixed in a
solvent. We changed the polydispersity, and we used uniform polystyrene standards as a
reference. The solvent, methyl ethyl ketone, MEK, was chosen because its suitability for spin-
coating.(50) But for most, its hygroscopic properties as we planned to perform spin-coating in
humid conditions. MEK is considered a marginal solvent for PS, while it is more hygroscopic
than typically used solvents for polystyrene.(51,52)

For our study, we established the following assumptions. The mixture with high enough
polydispersity will phase separate during spin-coating, even if these species are chemically
identical. The study will be performed in the regime where thermocapillary effects cause
undulations to make any morphological changes clearer to observe. The breath figures
technique will be combined with the spin-coating to induce additional motion caused by the
surface tension of water.

The study is organized in the following order. First, the effect of bi-modal weight distribution
on the viscosity of the solutions is discussed. Next, the morphology of the coatings spun at the
most negligible possible humidity is compared by analysis of atomic force microscopy and
optical microscopy images. Then, force spectroscopy was used to identify the different
polystyrene phases. The in-situ reflectometry was used to measure the evaporation time of the
solutions. Finally, the coatings spun at different humidity levels were investigated by optical
and atomic force microscopy.

It was found that at a relative humidity of 75%, solution concentration 80 mg/ml and
polystyrene molecular weights 20 kDa and 200 kDa mixed in 75/25 w/w% ratio the two phases

forms island (lower My fraction) embedded inside of the honeycomb (higher Mw fraction).
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Although spin-coating was chosen for its ease of controlling the evaporation rate, we believe
that the proposed method can be extended to other techniques, such as dip-coating or ink-jet
printing. Presented results can also be treated as a starting point for other interesting

experiments.

Result and discussion

The solutions with bimodal MWD were prepared so that the two nodes in the distribution were
clearly separated. The GPC molecular weight distribution of a single node MWD (uniform) is
presented in Fig. 1 A, which illustrates the MWD of 91 kDa polystyrene with a narrow
distribution (PDI=1.04). In contrast, Fig. 1 B illustrates the MWD with two nodes of a blend of

91 kDa PS with 200 kDa PS, both with narrow distributions (PDI=1.04).

84 2.5;
2.04
6.
s = 4 5]
o o
L 4 o
£ = 1.0
2.
0.54
0= T y 0.0 T : .
40,000 80,000 120,000 100,000 200,000 300,000
Molar mass [Da] Molar mass [Da]

Fig 1. Exemplary GPC experiment results of bimodal and uniform MWD polystyrene; A -
narrow uniform MWD, Mw = 91 kDa, PDI 1.04; B — bimodal MWD, blend of Mw = 91 kDa,

PDI = 1.04 and Mw = 200 kDa, PDI = 1.04.

e Evaluation of solution viscosities
The viscosity measurement (Fig. 2) can be used to assess not only the final coating thickness

and the solvent evaporation time prediction but also the characteristics of polymer chain
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interactions. The measurement result is presented as reduced viscosity 1:/C, where C represents

nnns’ where 77 is the dynamic viscosity of the solution

N

the concentration in mg/ml. Here, 1, =

and 7s 1s the viscosity of the solvent. In Fig. 2A, the viscosity is plotted as a function of the

concentration.
A PS 20 kDa / 200 kDa PS 90 kDa / 200 kDa
¥ 25/75%* +75/25% B Uniform Bimodal
0.207  50/50% * 50/50* 020] o g0[mg/mi]  ®c80 [mg/mi)
| 75/25%* - 25/75% . # ¢ 40 [mg/ml] = ¢ 40 [mg/ml]
el . e * ¢ 20 [mg/ml] ¢ 20 [mg/ml]
= #® uniform 200 kDa a —= ]
::E. 0.157 uniform 150 kDa e Y e:éa 0.157 + 10 [mg/ml] ¥ ¢10 [mg/ml]
=] uniform 90 kDa T e =
. * uniform 20 kDa e T E
=, 0.104 I o 0.10]
= =
=
0.05] 0.057
y 0.00 T T T 1
80 1] 50 100 150 200
C [mglml] Number average molecular weight [Mn] [kDa]

Fig. 2. Reduced viscosity n/C of the solutions, A - n/C plotted against the solution's
concentration. Curves represent fits for eq. 2; B - n/C plotted as a function of the number
average molecular weight function. Curves represent the Mark-Houwink equation fit (eg. 3),

[Mn] = fiMw1 + f2Myw2, where f1s w/w % ratio of polymers.

The general dependence of viscosity on concentration can be described in the form of a power
series:(53)

K[nlc? | K[nlc3

= [](1 +KlC + =2+ =25 2)

where [7] is the intrinsic viscosity at infinite dilution. The coefficients are summarised in Table
S1 in SI. The intrinsic viscosity [n] was lower for bimodal blends. The overlap concertation is
defined as a concentration at which the polymer chains start to overlap each other.(54) The
overlap concertation was estimated according to C*=1/[n]. The overlap concentration for 20

kDa was 83 mg/ml and for 200 kDa was 19 mg/ml. As it should be noticed, in the case of the
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80 mg/ml solution, the 20 kDa species were in the semi-dilute regime, while the 200 kDa were
in the concentrated regime.

The viscosity of the bimodal solutions increased faster with increasing concentration than in
the case of uniform solutions. The K parameter was particularly high for 75/25 blends: 1.36 for
90 kDa and 200 kDa and 1.01 for 20 kDa and 200 kDa. In comparison, K for uniform 200 kDa
was 0.36. Thus, it can be assumed that the number of entanglements attributed to the 200 kDa
fraction rises at higher concentrations. Fig. 2B presents the viscosity in relation to the number
molecular weight [Mn]. The relation between viscosity and molecular weight can be described
in the form of the Mark-Houwink equation:(53)

n?r = InK + aln[M,,]. (3)

The K and [n] values are summarised in SI, Table S2. The uniform solutions were visibly more
viscous than their bimodal counterparts of similar molecular weights at concentrations below
20 mg/ml. It could be expected that the bimodal solutions will change their behaviour more

severely when solvent’s evaporation would quench them towards more concentrated regimes.

e Evaporation of the solvent during spin-coating
As presented in Fig. 3, the evaporation rate R depends on the viscosity of the solutions. It can
be noticed that the evaporation of the 20 kDa, 91 kDa and 200 kDa differ for the same

concentration. These differences become more transparent for the concentration of 80 mg/ml.

A Polymer concentration - 20 mg/ml B Polymer concentration - 40 mg/ml _C Polymer concentration - 80 mg/ml
403MEK oo 00 kpa s 409 MEK 408 MEK
] PS 91 kDa
75/25* *
75/25%* e §PS91kDa
@ PS 150 kDa I 50/50%* =
= 25/75%* = 50/5( =
230 ps200kpa 0 =30
14 o 14
PS 200 kDa -
20 20 20 25/75% s 200 kDa
p 0.00 0.05 0.10 0.00 0.05 0.10 0.15 0.20
0.00 0.02 0.04 0.06 0.08
hJc [ml/mg] h/c [ml/mg] hJc [ml/mg]
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Fig. 3. The relation between the evaporation rate of solution and the reduced viscosity of
solution for polymer concentrations: A - 20 mg/ml, B - 40 mg/ml, and C - 80 mg/ml. The curves

represent the Padé approximation trend-line.

e Investigation of the thickness and morphology of the coatings spun at a relative
humidity of 0%

The coatings spun at Rh 0% were chosen as a starting point for the investigation. We decided
to look for phase separation if no humidity was applied, affecting the investigated solvent-
polymer system. The convection Marangoni flow, solvent evaporation, and phase separation
events alter the coating surface morphology. As a result, the occurrence of wrinkles or arrays
of islands on the coating surface was reported. (48,55-57)
The coatings were investigated via AFM and optical imaging to determine the effect of bimodal
MWD on coating morphology. Significant differences between blend types occurred (Fig. 4A).
The solution concentration of 80 mg/ml was chosen. As we expected from the tests as
mentioned earlier, the bimodal distribution role would be the highest. Moreover, we wanted to
avoid the influence of the substrate on our force spectroscopy experiment. For that, we needed
the thickest coating. As illustrated in Fig. 4B, the thickness of the coatings in the case of 80
mg/ml scaled linearly with the blends' average molecular weight. No correlation between the

thickness and roughness was found. (Fig. 4C).
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Fig. 4. A - Thickness of the coatings with respect to the composition and the concentration. The
plot presents data for uniform and 91 kDa/200 kDa solutions. B — Thickness of the coating for
80 mg/ml concentration in the blend’s molecular weight function. * - Blends of 91 kDa and 200
kDa polystyrene; ** - blend of 20 kDa and 200 kDa polystyrene; x/x — w/w% ratio of blended
homogeneous polystyrenes. The number average molecular weight [Mn] = fiMw: + M2,
where f'w/w. % ratio of polymers. C - RMS roughness of the coatings spun from 80 mg/ml

concentration.

To represent the morphology of the material quantitatively, one can apply the Minkowski
parameters.(58) The images (Fig. SA) used for analysis come from the central part of the image
to exclude the high shear rate effect on the coating morphology. The scale bar was 50 um.
Based on this description, it can be concluded that the morphology of the uniform coatings is
characterised by separate islands surrounded by a bicontinuous phase. In contrast, the bimodal
coatings are characterised by a bicontinuous phase, separated by interconnected islands.

Fig. 5B presents connectivity. Connectivity C(#) can be used to describe the bicontinuous or
island morphology of the coating with respect to the given binarization threshold ». The
negative value of connectivity corresponds to bicontinuous morphology, while the positive

value corresponds to island morphology. The threshold was normalized to 1. Basing on the

11
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connectivity, it can be shown that the bimodal coatings had different morphologies than the
uniform coatings when the starting conditions (Rh 0%) were considered. With the exclusion of
75/25 20 kDa 200 kDa coating, the coatings were characterized by peaks related to continuous
structures and two peaks related to islands.

On the contrary, the uniform coatings had one set of continuous structure and two peaks related
to islands. In connection with the images, it can be assumed that these two kinds of islands are
one on top of another. In the case of bimodal blends, the presented situation describes a set of

interconnected islands on top of another interconnected structure.
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Fig. 5. A - Optical images of coatings spun from 80 mg/ml. The B - Minkowski connectivity
C(v) of the coatings spun from 80 mg/ml, where v represents the threshold for the image

binarization; The values on the axis were normalized to 1.

e Investigation of coating phase composition by means of AFM force spectroscopy

The AFM force spectroscopy method allows the visualization and quantification of surface

areas differing in mechanical properties.(59) The coatings spun from the solutions with 80
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mg/ml concentration were studied. The resulting elastic modulus of the coatings was calculated

(Fig. 6).
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Fig. 6. Average elastic modulus obtained based on the FS method for coatings made from a
solution of 80 mg/ml. Uniform — coatings were made from homogeneous solutions; bimodal —
coatings made from solutions with bimodal MWD; * - blends of 91 kDa and 200 kDa
polystyrene; ** - blend of 20 kDa and 200 kDa polystyrene; x/x — w/w% ratio of blended
homogeneous polystyrenes. [Mn] = fiMw + f2Mw2, where f w/w % ratio of polymers. *** -

means are significantly different (one-way ANOVA, p < 0.05).

The obtained results are similar to those found in the literature.(60) The uniform 91 kDa coating

and the 75/25 and 50/50 blends of 91 kDa and 200 kDa had significantly lower elastic moduli
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than the rest of the tested groups. The dependence between the molecular weight and the elastic
modulus of the polymer has been repeatedly proven.(61,62) However, we did not find
significant differences between the other groups. The uniform 20 kDa coating had an elastic
modulus similar to that of the 200 kDa coating in our investigation. The 20 kDa coating was
the thinnest; thus, the substrate could influence the result. We performed a linear regression test
(SI, Force Spectroscopy, Fig. S4) between the thickness of the 80 mg/ml coatings and the elastic
modulus, which proved no relationship between the thickness of the coatings and the elastic

modulus, while the 20 kDa coating was an outlier (SI, Force Spectroscopy, Table 14).
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Fig. 7. Force Spectroscopy maps of bimodal MWD coatings and corresponding histograms of
the elastic modulus. The greyscale shows the stiffness — the white colour corresponds to the

highest stiffness. The grayscale range is + 1 GPa.

Interestingly, it was possible to record local differences in the coating surface stiffness (Fig. 7).
The maps were gathered for bimodal coatings. White spinodal-like areas are characterized by
higher stiffness. The differences are more clearly visible in the case of 90 kDa and 200 kDa

blends, in agreement with Fig. 6.
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Fig. 8. Force spectroscopy maps of coatings with uniform MWD and corresponding histograms
of the elastic modulus. The greyscale shows the stiffness — the white colour corresponds to the

highest stiffness. The grayscale range is = 1 GPa.

For comparison, Fig. 8 illustrates the FS maps of the uniform coatings. We analysed the

skewness of the maps' elastic modulus distribution (SI, Force Spectroscopy, Table S15). The

skewness in the case of uniform coatings was significantly lower (p <0.05) than that in the case
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of bimodal coatings (Fig. 9). The distribution of the elastic modulus of the uniform coatings

was more homogeneous.

1.0
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Fig 9. The skewness of the elastic modulus data sets. Uniform — grouped means that represents

the skewness of histograms of uniform coatings elastic modulus. Bimodal — grouped means that
represents the skewness of histograms of all kinds of bimodal blends elastic modulus. The

means of these two groups were significantly different (p < 0.05).

Therefore, it was concluded that force spectroscopy revealed the phase separation in the
bimodal coatings. The most noteworthy phase separation was found for the 75/25 blends of
both kinds of bimodal coatings. Here, the phase of lower concentration formed long, spinodal-

like forms. For the 25/75 blends, the separate phases were scattered.

e Solubility of polystyrenes with respect to the molecular weight distribution
The phase separation as mentioned above could be explained by solubility investigation. It was
shown that the viscosity of the polymeric solution could be utilised by the application of the

Mangaraj method to retract several polymer-solvent parameters, i.e. the Flory interaction
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parameter.(63) We utilised the Mangaraj equation (eq. 4) to investigate the miscibility gap

between the lower- and higher-molecular-weight polystyrenes.(64)

1n( n )= — (85— Bepp)?. 4)

Nmax

The effective miscibility parameter de was calculated with respect to a solution of 200 kDa
with a concentration of 80 mg/ml, which had the highest viscosity among the tested solutions
(7max). The solvent Js was set to 19 MPa’3, which is a typical value for MEK.

The miscibility gap between low- and high-molecular-weight polystyrene can be derived based
on the PS blends' viscosity. Furthermore, the miscibility gap decreases accordingly with the
low molecular weight fraction. Here, dey is the effective Hildebrand miscibility parameter
calculated based on the intrinsic viscosity /#/. For the 20 mg/ml concentration, all the solutions
are present on the same linear trend with the lowest dey for the highest molecular weight. It
should be noted that with increasing concentration, the trends for 20 kDa/200 kDa solutions
(brown squares), 91 kDa/200 kDa solutions (purple triangles), and uniform solutions (blue

circles) become divergent at low molecular weights, with their trends coincident at 200 kDa

(Fig. 10).
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Fig. 10. The effective miscibility parameter dey of the polystyrenes in MEK with bimodal and
uniform distributions for two kinds of bimodal distributions: 20 kDa/200 kDa — brown squares
and 91 kDa/200 kDa — purple triangles; the blue circles represent data for polystyrenes with

uniform distributions. [Mn] = fiMw1 + f2Mw2, where f w/w % ratio of polymers.

e Self-assembly of micro islands/honeycombs due to phase separation and water
condensation

As a follow-up, we utilized humidity to take advantage of the phase separation observed above.
It was assumed that phase separation could be further enhanced if spin-coating was performed
under humid conditions. It was further concluded that water condensation would eventually
lead to ruptures in the solution layer. By this, a new interface between the solution, water, and
Si02 substrate would be created. This would induce separation between segregated phases. The
condensing water forces the liquid film to dewet and retreat from SiO». The viscosity gradient
between different phases would lead to the formation of convection cells and honeycomb
morphology.(65,66) It was assumed that the spinodal-like structures found during the FS
investigation, probably consisting of a higher molecular weight fraction, would reinforce the
honeycomb borders. As was revealed by the viscosity investigation, the longer polymer chains
would carry the stress as they would be highly entangled. The lower molecular phase would
separate because no stress would be applied to the shorter chains. It should also be considered
that MEK is a hygroscopic solvent, while PS is slightly hydrophobic. The absorption of water
by MEK can further alter the interactions between the solvent and different PS phases. The
viscosity and solubility investigations pointed to 80 mg/ml concentration to obtain the most
pronounced effect. It was also assumed that water condensation would take place in the later

stage of spinning. As the humidity slows evaporation, the highest humidity allows the longest
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time for morphology formation. The tested relative humidity Rh values were 45%, 55%, and
75%.

Fig. 11 A shows images of coatings composed of uniform polystyrenes, Fig. 11 B presents
images of coatings prepared from 91 kDa and 200 kDa blends, and Fig. 11 C presents images
of coatings prepared from 20 kDa and 200 kDa blends.

Each column is marked below with the mixture's PDI value, and each row corresponds to one
of the Rh values. Optical microscope showing three different areas of the coatings a presented

in the Supplementary Information, Figs. S6 — S8.

A Uniform polystyrene coatings B 90 kDa and 200 kKDa PS blend C 20 kD and 200 kDa PS blend
20 kDa 90 kDa 200 kDa
¥ v

TS825 wiw, % SOVSO wiw. %

2578 wiw. %

75/25 wiw. \Sll‘()»\w é’ﬂ’?*“u i

Fig. 11 AFM topographical images of tested samples, the colour represents the height, brighter

DI 1.16 1.14 108 PRI

means higher. The solution concentration C was 80 mg/ml, while the samples were spun under
different humidity, from 0 to 75% Rh. The z-scale was chosen for the best representation of the
coating morphology. A — uniform coatings; B — 20 kDa and 200 kDa blends; C — 91 kDa and

200 kDa blends.

We observed that the smaller cavities (breath figures) formed around the larger cavities caused

by dewetting-related polymeric film ruptures. The structure that resembles the honeycomb also
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occurred. For Rh 55%, a honeycomb-like morphology is found for all coatings, except the
uniform 20 kDa coating. It is hard to distinguish the uniform samples from the 90 kDa 200 kDa
blend. However, the 20 kDa and 200 kDa blends have distinctive morphology that depends on
the PDI value. Radially averaged power spectral density analysis (SI, Fig. S9) of four averaged
images depicts the differences between the 75/25, 50/50, and 25/75 w/w% 20 kDa and 200 kDa
coatings.

Interestingly, the coatings prepared from 20 kDa and 200 kDa bimodal blends at Rh 75% had
polymeric islands inside the large holes. The onset of such structures can also be observed in
the case of coatings prepared in Rh 55%. The fraction of the islands decreased with an increase
in the 200 kDa contribution. It was assumed that the islands are made of a lighter and less
viscous fraction. Seemingly, the heavier polymer fraction, more viscous and more entangled,
reinforced the honeycomb cell borders. The possible scenario is illustrated in Fig. 12. The
coating at Rh 0%, 45%, 55%, and 75% is marked by numbers: 1, 2, 3, 4, respectively. It is
assumed that the MEK did not evaporate entirely and formed MEK/20kDa and MEK/200kDa
fractions. It should be noticed that MEK is also soluble in water. Thus, some fraction of the
solvent can diffuse to the water phase. The MEK/20kDa fraction becomes dispersed in the water
area of the sample. The MEK/200kDa fraction forms the walls of the cells. Two explanations
can be proposed. First, as was shown above, the rheological properties of 200 kDa and 20kDa
polystyrene species differ. The more entangled 200 kDa chains act together, while the 20 kDa
separates from the high-tension region (higher molecular weight) towards the water/MEK
interface. However, water has very high polarity. Very non-polar polystyrene is forming a
round shape in contact. Furthermore, as was demonstrated, the solvent would deplete the 20
kDa fraction faster than the 200 kDa fraction, allowing for faster solidification of the 20 kDa

1slands.
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Fig. 12. Four scenarios of phase separation: spin-coating in dry air ((1), 0% Rh); moderate
humidity ((2), 45% Rh; (3), 55% Rh); and high humidity ((4), 75% Rh). Low and high
molecular weight fractions, convective flow driving honeycomb formation, and low molecular
weight separation at the interface between the water-wetted rupture and the liquid layer of the

polymer solution are presented.

Secondly, it can be discussed in terms of the two-step phase separation process discussed by
Henderson et al. Their study focused on modelling the two-step quench scenario. First, the
solution undergoes a temperature quench into the spinodal decomposition region. After a
specific time, a secondary quench was enacted by a further decrease in the temperature. As a
result, secondary domains appeared inside the already formed structures.(34) The morphology
discussed there was very similar to that discussed in the current paper. The presented power
spectra of the optical image of the 75/25 w/w% 20 kDa and 200 kDa coating presented in Fig.
13A coincidence with the results presented in the above-mentioned paper. Nevertheless, in the
current experiment, the first temperature quench is followed by the condensation of water. A
decrease in temperature may facilitate the phase separation of polystyrene. Conversely, the
condensation should coincide with an increase in temperature. (23) However, water may be
absorbed by MEK. The MEK/water composition would be a much poorer solvent for PS. Thus,

the secondary quench would occur due to the change of the solvent quality by water.
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426  Fig. 13 presents the characteristic values describing the shape of the islands, Fig. 13 B — height
427  H, Fig. 13 C - radius R, Fig. 13 D - aspect ratio H/R and Fig. 13 E — profile of an island. The

428  dependence of the shape on the fraction of 20 kDa PS can be pointed out.
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Fig. 13. A — Power spectra of islands/honeycomb morphology. B — Mean height, H, of islands
in respect to the fraction of 20 kDa PS, ¢. C — Mean radius of islands, R. D — mean aspect ratio

of islands, H/R. H profile of an island.

Additionally, we tested the formation of micro islands when a short spin-coating time was used
(0.5 s and 1 s). These images are presented in Fig. S15 in SI. Secondary phase separation has
been already seen, although the islands were not fully formed.

The AFM image (Fig. 14 a-c) shows the event of the low molecular weight fraction separating
from the cell border. The cracks between the two phases and the spot where the partially formed
island disconnects from the bulk can be seen. The black rectangle indicates the area that differed
in terms of the deflection signal and phase contrast. However, the discussed phenomenon
appears after the thin film of the solution was formed on the substrate. The condensation needs
time to make holes in the films. The dewetting of the substrate by the solution can induce
additional motion of molecules allowing the lower molecular weight fraction to precipitate. The
water would also change the surface tension locally and induce the thermocapillary effects that

lead to the formation of convection cells (depicted in Fig 14 d).
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Fig. 14. AFM magnification of the cell border of the 20 kDa and 200 kDa 75/25 w/w% blend
spun at Rh 75%. The black rectangle indicates the separation of different phases. The same
region is shown in the form of a - topography, b - AFM deflection, the direction of dewetting
is indicated by the black arrows; ¢ - AFM phase image, an arrow indicates the phase signal
difference presented as the averaged cross-section of the marked region (black box); d —
schematic illustration depicting proposed formation mechanism of the honeycomb; Convection
inside the liquid film led to cells formation, condensation of water led to film rupture (Blue).
Subsequently, the recess of the film occurred. At the interface between the rupture area and the
receding film, separation of the lower molecular fraction arises (yellow). Subsequently, the cell

borders were reinforced by the remaining high molecular weight fraction (Orange);
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As mentioned, the polystyrenes used were unmodified standard grade polymers. The unchanged
chemical composition of the coatings was confirmed by FTIR spectroscopy (SI Fig. S10 —S12).
The recognized functional groups were CH3s, CH2, and phenyl groups. These groups are
hydrophobic and were the driving force behind the dewetting process under high humidity
conditions. This argument was further reinforced by the free surface energy (SEF) measurement
(SI Figs. S13 — S14). The SEF of the 20 kDa coating was slightly higher than that of the 200
kDa coating and, consequently, led to a higher affinity for the hydrophilic SiO2 substrate of the

former coating.

Conclusions

To the best of our knowledge, we have for the first time demonstrated phase separation in the
mixture of polystyrenes with identical chemical structure but different molecular weights. The
phase separation was found for 90 kDa and 200 kDa and 20 kDa and 200 kDa blends. In both
cases, the phase separation was found for 75/25 and 50/50 w/w% ratio. The force spectroscopy
was used to determine the different phases in the coatings. The phase separation was discussed
in terms of the difference in the viscosity of polystyrene species. Next, we have provoked
secondary phase separation by introducing water vapour. We have theorized that the water
vapour would act two-fold. The water droplets formed breath figures, and as the vapour
concentration increased, they caused raptures in the liquid film. Secondly, the absorption of
vapour by methyl ethyl ketone, a solvent chose due to its hygroscopic properties, would
decrease the solubility of polystyrene. We have observed secondary phase separation for the 20
kDa and 200 kDa blends. But not for 90 kDa and 200 kDa blends. We also pointed out that the
internal thermocapillary convection and gradient of the surface tension of the top layer formed
convection cells inside the liquid. The ruptures caused by condensation, with the combination

of the convection and thermocapillary effects, formed honeycomb. The secondary phase
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separation left the dispersed 20 kDa polystyrene phase inside the 200 kDa polystyrene
honeycomb.

The described mechanism can likely be applied to other solvent-polymer systems, consisting
even of three polymer fractions. It is likely possible to apply the described process to other

coating methods, such as dip coating, blade coating or ink-jet printing.

Experimental
e Materials
All polymers and solvents were purchased from Sigma Aldrich (Merck KGaA). One-side

polished ultrasmooth SiOx wafer was purchased from Technolutions Sp. z o. o.

e Preparation of the coatings

Analytical standard grade polystyrenes (PS) obtained from the supplier with PDI = 1.04 and
Mw = 20 kDa, 91 kDa, 150 kDa, or 200 kDa were used.

Two kinds of blends were prepared: blends of 20 kDa and 200 kDa PS mixed in 75/25, 50/50,
25/75 wiw % proportions; similarly, blends of 91 kDa and 200 kDa PS were mixed in the same
proportions and dissolved in methyl ethyl ketone (analytic grade, MEK) and mixed for an hour
at 37 °C. After mixing, the solutions were stored overnight. The list of polystyrene blends used
is summarized in Table 1. The concentrations of these solutions ranged from 2.5 mg/ml to 80
mg/ml. A DIY Arduino-based spin-coater with a chamber with controlled humidity was used
to spin polystyrene films onto the SiOx wafers. The experimental setup is depicted in
Supplementary Information (SI) Figs. S1—S2. A 35 ul aliquot of the solution was pipetted onto
a1l cm x 1 cm wafer. Spin-coating was performed in a closed chamber with a constant airflow

of 10 ml/min to maintain the desired humidity. The rotational speed was 2700 rpm or 3300 rpm.
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The spinning time was set to 10 s to allow the solvent to evaporate. Solutions were spin-coated

under humidity of Rh 0%, 45%, 55%, 75%.

Table 1. List of polymer blends that were used for spin-coating.

Type of Molecular weight
Blend Sample code M, [kDa] PDI
20 kDa 20 1.04
§ 91 kDa 91 1.04
S
E) 150 kDa 150 1.04
200 kDa 200 1.04
E Molecular weight
= Sample code | [Mw] PDI
E [kDa] [Mll] @
0 [kDa]
~ = 75/25% 137 118 1.16
= 2
2= 50/50* 166 146 1.14
-
SRS 25/75* 186 173 1.08
~ 75/25%* 158 65 243
1=
2= 50/50%* 184 110 1.67
(=]
RO\ 25/75%* 194 155 1.25

Weight average molecular weight [M,,] = (fiM,./° + frM2*)/(fiMy1 + 5M,2), ?Number average molecular
weight [M,,] = fiM,; + f2M,.2, where f - fraction of one of the polymers in %, PDI states for the polydispersity

index.

e Gel permeation chromatography (GPC)

The number and weight average molecular weights (Mn and Mw) were determined by an Agilent
1200 series GPC modular system with a refractive index detector (RID) equipped with two
PLgel 5 um MIXED-C columns (300x7.5 mm) in the series, while the polydispersity index was
calculated as the ratio of Mw/Mn. Calibration was performed using a set of 12 narrowly
distributed polystyrene standards with molecular weights (Mps) in the range of 474 g/mol - 1
800 000 g/mol.

The measurements were performed at 35 °C. Chloroform GPC grade was used as a solvent at

a flow rate of 0.7 ml/min. All samples (~2 mg/ml) were filtered through a PTFE 0.2 um
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membrane before the analysis. The data were collected by ChemStation for LC and analysed

by ChemStation GPC Data Analysis Software.

e Force Spectroscopy FS and Elastic Modulus

When a force spectroscopy experiment is performed, an AFM probe applies strain on the film
surface.(67) Force spectroscopy was performed by means of atomic force microscopy (AFM,
Asylum Research MFP3D Bio). (68) An OMLCT-AC200TS-R3 (Olympus) cantilever was
used with the nominal spring constant k = 9 N/m and tip radius below 10 nm, as suggested by
the cantilever’s producer. AFM was calibrated using the built-in thermal vibrations method.
The (69) Johnson, Kendall, and Roberts (JKR) model was used to calculate the elastic modulus
(E).(70) The indentation depth was ~8 nm (Supplementary Information, 4. Force
Spectroscopy). As we wanted to neglect the possible influence of stiff (silica) substrate on the
polystyrene coating's registered mechanical data, we decided to perform an FS experiment
using the thickest films (films spun from the solution of a concentration of 80 mg/ml).

Maps of a large area of the coating 80 pum x 80 um with 40 x 40 points were obtained. These
higher resolution maps are supplemented as an attachment (SI). These data were supported by
lower resolution maps with a resolution of 15 x 15 points. Each map was used to obtain the
mean elastic modulus value. Altogether, at least five maps were made. Ordinary one-way
ANOVA followed by multiple comparisons Fisher’s test was used to compare different groups'
means.

Furthermore, histograms representing each higher resolution map were prepared. The skewness
of the elastic modulus distribution was measured. Skewness was divided into two groups: one
for uniform coatings and one for bimodal coatings. The t-test (p < 0.05) was used to compare

the means of these two groups.
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e Evaluation of the thickness of spin-coated films by means of atomic force
microscopy

The thickness of spin-coated films was assessed based on intentionally made scratch

topography images (SI Fig. S3). Five randomly selected areas of each sample were tested, and

profiles were generated. Each of the profile lines was averaged from three contiguous lines to

avoid any unwanted artefacts.

e Imaging of the coatings
Inverted light microscopes (Nikon EPIPHOT 200 and Zeiss Axio Observer) were used for
imaging. An atomic force microscope (AFM, Asylum Research MFP3D Bio) working in
tapping mode (AC mode) was used to illustrate the phase composition and topography of the

polystyrene films.

e In situ measurement of evaporation during spin-coating through laser light
reflectometry with stroboscopic effect

In situ stroboscopic laser light reflectometry was developed to investigate the thinning of the
solution layer while spinning. The laser light is reflected from the coating during the spin-
coating process. The occurring interference pattern can be used to estimate the thinning rate of
the solution. (71-73) The experimental setup is described in Sl, Figs. S1 — S2.
Depending on the thickness of the layer, constructive or destructive interference can occur. The
condition for the constructive interference was calculated from Bragg’s law: 2nAhcosf = mA,
where n is the refractive index of the layer, 44 is the thickness of the layer, @ is the incident
angle, m is an integer number, and 4 is the light wavelength. For pure MEK, 44 = 235 nm

(assuming the refractive index MEK = 1.3788). For the polymer solution, it was assumed that
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the refractive index was n = 1.5; thus, 42 = 217 nm. The laser light wavelength was 1 = 650

nm. The time resolution was 0.022 s.

e Data analysis and visualisation
For data visualization and analysis, GraphPad Prism 8 was used. Image analysis procedures

implemented in Gwyddion software (ver 2.50) were used.

e Fourier Transform IR
Infrared spectra were collected using a Fourier transform infrared spectrophotometer (Nicolet
8700 FTIR, Thermo Scientific). Measurements were performed using FTIR ATR over a range

0f 4000-400 cm—1.

e Contact Angle and Surface Free Energy Measurement
The contact angle (CA) was measured using a Data Physics OCA 20 goniometer. The contact
angle was measured with a sessile drop method. For surface free energy measurement (SFE),
two kinds of coatings were chosen: 20 kDa and 200 kDa. For each type of coating, three droplets
were measured, and three different coatings were used. Two liquid systems were used:
deionised water and diiodomethane (Sigma Aldrich, Analytic grade). The groups were
compared with the t-test (p < 0.05). The Owens, Wendt, Rabel, and Kaelble (OWKR) method

was used for SFE calculation. (74)

Supporting Information (SI)

Experimental setup depicting the custom-built spin-coater with a humidity-controlled chamber

and an in-situ interferometer with the stroboscopic effect. Illustration of thickness
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measurement. Viscosity-related coefficients. Optical microscope images. FTIR results. Free

Surface Energy results.
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AFM — atomic force microscopy; bimodal — polymer with two nodes in molecular weight
distribution; coating — final polymer coating; CA — contact angle; E — elastic modulus; film —
liquid film of solution spread on the substrate; FS — force spectroscopy; FTIR — Fourier
transform IR; GPC — gel permeation chromatography; initial solution — solution at the start of
spin-coating; MEK — methyl ethyl ketone; Mw — molecular weight; [Mw] — weight average
molecular weight; [Mn] — number average molecular weight; MWD — molecular weight
distribution; PDI — polydispersity index; PTF — polymer thin film; PS — polystyrene; Rh% -
relative humidity in %; RMS — root mean square roughness; uniform — polymer with one node

in molecular weight distribution.
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Fig 1. Exemplary GPC experiment results of bimodal and uniform MWD polystyrene; A -

narrow uniform MWD, Mw = 91 kDa, PDI 1.04; B — bimodal MWD, blend of Mw = 91 kDa,

PDI = 1.04 and Mw = 200 kDa, PDI = 1.04.

Fig. 2. Reduced viscosity n:/C of the solutions, A - n/C plotted against the solution's

concentration. Curves represent fits for eq. 2; B - n/C plotted as a function of the number

average molecular weight function. Curves represent the Mark-Houwink equation fit (eq. 3),

[Mn] = fiMwi + f2Mw2, where fis w/w % ratio of polymers.
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Fig. 3. The relation between the evaporation rate of solution and the reduced viscosity of
solution for polymer concentrations: A - 20 mg/ml, B - 40 mg/ml, and C - 80 mg/ml. The curves

represent the Padé approximation trend-line.

Fig. 4. A - Thickness of the coatings with respect to the composition and the concentration. The
plot presents data for uniform and 91 kDa/200 kDa solutions. B — Thickness of the coating for
80 mg/ml concentration in the blend’s molecular weight function. * - Blends of 91 kDa and 200
kDa polystyrene; ** - blend of 20 kDa and 200 kDa polystyrene; x/x — w/w% ratio of blended
homogeneous polystyrenes. The number average molecular weight [Mn] = fiMwi + foMyo2,
where f w/w. % ratio of polymers. C - RMS roughness of the coatings spun from 80 mg/ml

concentration.

Fig. 5. A - Optical images of coatings spun from 80 mg/ml. The B - Minkowski connectivity
C(v) of the coatings spun from 80 mg/ml, where v represents the threshold for the image

binarization; The values on the axis were normalized to 1.

Fig. 6. Average elastic modulus obtained based on the FS method for coatings made from a
solution of 80 mg/ml. Uniform — coatings were made from homogeneous solutions; bimodal —
coatings made from solutions with bimodal MWD; * - blends of 91 kDa and 200 kDa
polystyrene; ** - blend of 20 kDa and 200 kDa polystyrene; x/x — w/w% ratio of blended
homogeneous polystyrenes. [Mn] = fiMwi + f2Mw2, where f w/w % ratio of polymers. *** -

means are significantly different (one-way ANOVA, p < 0.05).
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Fig. 7. Force Spectroscopy maps of bimodal MWD coatings and corresponding histograms of
the elastic modulus. The greyscale shows the stiffness — the white colour corresponds to the

highest stiffness. The grayscale range is + 1 GPa.

Fig. 8. Force spectroscopy maps of coatings with uniform MWD and corresponding histograms
of the elastic modulus. The greyscale shows the stiffness — the white colour corresponds to the

highest stiffness. The grayscale range is = 1 GPa.

Fig 9. The skewness of the elastic modulus data sets. Uniform — grouped means that represents
the skewness of histograms of uniform coatings elastic modulus. Bimodal — grouped means that
represents the skewness of histograms of all kinds of bimodal blends elastic modulus. The

means of these two groups were significantly different (p < 0.05).

Fig. 10. The effective miscibility parameter dey of the polystyrenes in MEK with bimodal and
uniform distributions for two kinds of bimodal distributions: 20 kDa/200 kDa — brown squares
and 91 kDa/200 kDa — purple triangles; the blue circles represent data for polystyrenes with

uniform distributions. [Mn] = fiMw1 + f2Mw2, where f w/w % ratio of polymers.

Fig. 11 AFM topographical images of tested samples, the colour represents the height, brighter
means higher. The solution concentration C was 80 mg/ml, while the samples were spun under
different humidity, from 0 to 75% Rh. The z-scale was chosen for the best representation of the
coating morphology. A — uniform coatings; B — 20 kDa and 200 kDa blends; C — 91 kDa and

200 kDa blends.
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Fig. 12. Four scenarios of phase segregation: spin-coating in dry air ((1), 0% Rh); moderate
humidity ((2), 45% Rh; (3), 55% Rh); and high humidity ((4), 75% Rh). Low and high
molecular weight fractions, convective flow driving honeycomb formation, and low molecular
weight separation at the interface between the water-wetted rupture and the liquid layer of the

polymer solution are presented.

Fig. 13. A — Power spectra of islands/honeycomb morphology. B — Mean height, H, of islands
in respect to the fraction of 20 kDa PS, ¢. C — Mean radius of islands, R. D — mean aspect ratio

of islands, H/R. H profile of an island.

Fig. 14. AFM magnification of the cell border of the 20 kDa and 200 kDa 75/25 w/w% blend
spun at Rh 75%. The black rectangle indicates the separation of different phases. The same
region is shown in the form of a - topography, b - AFM deflection, the direction of dewetting
is indicated by the black arrows; ¢ - AFM phase image, an arrow indicates the phase signal
difference presented as the averaged cross-section of the marked region (black box); d —
schematic illustration depicting proposed formation mechanism of the honeycomb; Convection
inside the liquid film led to cells formation, condensation of water led to film rupture (Blue).
Subsequently, the recess of the film occurred. At the interface between the rupture area and the
receding film, segregation of the lower molecular fraction arises (yellow). Subsequently, the

cell borders were reinforced by the remaining high molecular weight fraction (Orange);
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