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ABSTRACT

In this paper, the effect of solvent selectivity on the transition between crystallization and microphase
separation of the semicrystalline diblock copolymer polystyrene-b-poly(ethylene oxide) (PS-b-PEO) thin
films was investigated. Square-shaped crystals formed due to lower barrier of crystalline nucleation in
both poor and good solvent vapor for PEO. However, in poor solvent (cyclohexane) vapor for PEO,
crystalline structure changed to microphase separated structure in the square platelets due to the high
mobility of PS blocks. Then breakout crystals dominated the morphology of the film. While, in good
solvent (water) vapor for PEO, competition between nucleation and dissolution of crystallization caused
the formation of imperfect crystals. Then imperfect crystals dissolved due to the high mobility of PEO
blocks, and microphase separation dominated the morphology of the film. The gain of free volume of
soluble block and the low swelling of crystalline block are keys for microphase separation and crystal-

lization, respectively.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, much more attentions have been paid to crys-
talline-amorphous block copolymers due to the complicated struc-
tural pattern and phase transformation process driven by the
combined effect of crystallization and microphase separation.
Microphase separation and crystallization are the two kinds of
coupling between phase transitions in polymer systems. In the case
of static coupling, two phase transitions occur sequentially, sepa-
rated by time or different external fields such as temperature [1].
Alternatively, two phase transitions may take place in the same
condition with comparable kinetic rates, which can be regarded as
a case of dynamic coupling. The final phase structure depends on the
competition between microphase separation and crystallization [2].

Depending on the order—disorder transition temperature, the
melting temperature, and the glass transition temperature of the
amorphous block, many different morphologies can be generated [3].
Register and his coworkers have reported that microphase separation
in semicrystalline block copolymers could be driven by two forces:
thermodynamic incompatibility between the blocks in the melt or
crystallization of one or more blocks [4]. Furthermore, crystallization
behavior of crystalline-amorphous dibolock copolymers has been
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widely studied [5,6]. Below the order—disorder temperature, block
copolymers undergo microphase separation which results in the
formation of ordered structure. If the glass transition temperature (Tg)
of amorphous blocks is higher than the melting temperature (Tyy,) of
crystalline, a hard nano-confinement can be created [7,8]. The
morphology development becomes highly complex when the
amorphous block is liquid-like or rubbery during the crystallization
process. The early studies on crystalline-amorphous dibolock copol-
ymers (Ty < T.) were mainly carried out on weakly segregated
systems, i. e. PCL-b-PB [9], PEO-b-PB [10], and PI-b-PEO [11]. The
results showed that breakout crystallization was favor in weakly
segregated systems. When the segregation strength of diblock
copolyers increased, depending on melt structure and thermal
treatment, crystallization may be confined, templated or breakout.
Loo et al. [2] and Xu et al. [12] were able to compile a “classification
map”. The map classified the regions where the three modes of
crystallization were found. The breakout behavior on crystallization
was thus observed with xc/xopr < 3. By carefully tuning molecular
length and temperature, it is possible to control a range of behaviors
from pure “breakout” [13].

In most cases, coupling and competition between crystallization
and microphase separation were researched in thermal field [1].
The preparation of block copolymer thin films under various
solvent evaporation conditions turns out to be a good way to
manipulate the microstructure. Many groups have proposed
solvent vapor can induce crystallization [14] and microphase
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separation [15]. In earlier studies [16—18], the crystals could be
broken down simply, and the folded chains of PEO became amor-
phous or the transition of orientation of crystals. There were few
reports about the effect of solvent vapor selectivity on the transi-
tion between crystallization and microphase separation, especially,
the effect of solvent selectivity on the kinetic complete between
microphase separation and crystallization.

In this paper, when PS-b-PEO thin films anneal in solvent vapor,
square-shaped crystals of PEO can be observed not only in poor
solvent vapor (cyclohexane) for PEO, but also in good solvent
(water) vapor for PEO. The crystalline structure can be broken
down by microphase separation with increasing of annealing time.
The kinetic competition between crystallization and microphase
separation during the growth process determines the transition of
morphologies. The final state of PS-b-PEO thin film is distinct due to
different interactions between PS-b-PEO and solvent vapor.

2. Experimental section
2.1. Materials

The diblock copolymer polystyrene-block-poly(ethylene oxide)
(PS-b-PEO, Mnps = 40000 g/mol, Mnpgg = 35000 g/mol, poly-
dispersity index = 1.04, Tgpeo = —59 °C) was purchased from Poly-
mer Source Inc. and used as received. The Flory—Huggins segmental
interaction parameter between PEO and PS is determined to be
x = —7.05 x 103 + 21.3/T[19]. The degree of polymerization N was
calculated on the basis of the equation N = (vgo/vo)NEo + (Vst/vo)Nst,
where vgo = MEo/pEo, Vst = Mst/pst and vp = veoust)1/2. Msand Mgo are
the molecular weight of styrene and ethylene oxide monomers,
respectively. ps; = 1.0534 g/cm® and pgo = 1.1210 g/cm?® are the
densities of amorphous. x N (20 °C) = 56.0.

The solvents, toluene and cyclohexane were bought from Beijing
Chemical Reagent Co.

2.2. Sample preparation

The diblock copolymer was dissolved in toluene with concen-
tration of 0.5 wt %. The solution was heated up to 45 °C to obtain
clear solution and then spin-coated onto the Si wafers at 3000 rpm
for 40 s immediately to inhibit the growth of PEO single crystals
in the solutions and precipitate out of the solutions during spin-
coating. Prior to spin-coating, the wafers were cleaned with
a 70/30 v/v solution of 98% H2S04/30% H»0, at 80 °C for 30 min,
then thoroughly rinsed with deionized water and dried. Before
removing the residual solvent, the samples were exposed to the
saturated cyclohexane and water vapor in the closed vessels at
room temperature (20 °C) for different periods, respectively. Then,
the samples were removed from the vessel quickly for fast drying.

For a given diblock copolymer, a solvent that is good for one block
can be classified as neutral, slightly selective, or strongly selective,
according to whether it is good, near @, or a non-solvent for the
other block. Cyclohexane is a ® solvent for PS at 34.5 °C [20]
(x = —0.556 + 324.3/T, Ycyclohexane-ps = 0.55). According to Flor-
y—Huggins theory, polymer and solvent are completely miscible over
the entire composition range when xp_s < 0.5. Although cyclohexane
is a poor solvent for PS and PEO [21], the relative affinity of cyclo-
hexane for PS is larger than for PEO appreciably. Water is a good
solvent for PEO with xp_s in the range 0.45—0.48 [22—24] and non-
solvent for PS [25], therefore, water is a selective solvent for PEO [26].

2.3. Characterization

The surface morphology of all the films was characterized by
atomic force microscopy (AFM) and transmission electron microscopy

(TEM). AFM characterization was performed in tapping mode, using
a SPA300HV with a SPI3800 N controller (Seiko Instruments Inc.,
Japan). A silicon microcantilever of which spring constant 2 N/m and
resonance frequency ~ 70 kHz, (Olympus Co., Japan) with an etched
conical tip was used for scanning. TEM experiments were performed
on TEM-1011 (JEOL Co., Japan) with an accelerating voltage of 100 kV.
During the TEM studies, mica was also used as substrate. The samples
were placed in a water bath and quickly floated onto the water surface.
Pieces of the polymer film were then picked up from the deionized
water surface onto copper mesh. In TEM image, the darker region
corresponds to the PS domains and the brighter regions to the PEO
phase. Instead of staining, reasonable contrast can be achieved due to
an electron-irradiation-induce thinning of the PEO [27].

X-ray photoelectron spectroscopy (XPS) spectra were measured
with ESCALAB 250 (Thermo electron Co., U. K.) at room temperature
by using an Al K, X-ray source (hv = 1486.6 eV). The main chamber of
the XPS instrument was maintained at 10~° Torr. The XPS survey
spectra obtained at an emission angle of 90°, 63°, 37°, and 10°,
respectively. XPS experiments with varying tilting angles are utilized
to reveal the detailed microphase-separated nanostructure and the
distribution of PS on the film surface. The envelope can be resolved
into two chemical components: C—C/C—H at 284.5 eV and ethoxy
group carbon in PEO at 286.1 eV. It is readily seen that the larger of
the tilting angle, the deeper of the incident thickness. The C1s peak is
usually the one which is strongly modified due to the change in
chemical environment [28]. The shift in C1s peak position to higher
binding energy side is attributed to oxygen contamination of the
surface of the films [29—31]. It is normal that the shift in C1s (C—H)
peak position around 285 + 0.5 eV [32,33]. The shoulder peak at
large incidence angles (291.6 eV) assigned to C1s (* <) [30].

Film thickness in air or solvent vapor was measured by ellips-
ometer (Jobin Yvon S.A.S Co., France). The film was placed on simple
platform of the ellipsometer. Spectroscopic ellipsometry measure-
ments were performed over a wavelength range of 550—800 nm at
a fixed incident angle of 70°.

3. Results and discussion
3.1. Initial morphology
AFM image of the as-prepared PS-b-PEO film (thickness is about

30 nm) is shown in Fig. 1. It exhibits an apparent fluctuation with
protrusions. Crystalline polymers, such as PEO, are known to retain

40 [nm]

(]

Fig. 1. 3-Dimension AFM topographic image of PS-b-PEO films spin-coated from 0.5 wt
% toluene solution onto the Si wafers at 3000 rpm for 40 s.
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Fig. 2. AFM topographic and phase images of PS-b-PEO thin films in cyclohexane vapor for different times: (a) 1 h, (b, c) 3 h, (d) 48 h, (e) 300 h, (f) 401 h, and (g) 1123 h, respectively.
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Fig. 2. (continued).

some of their crystallinity even in a good solvent and this remaining
crystallinity will be a major factor in inducing the formation of
aggregates [34]. The PEO blocks tend to form aggregates to avoid
contact with toluene in the solution as toluene is a selective solvent for
PS [35]. The cores of aggregates are assumed to consist of fold crys-
tallized blocks [36,37]. Thus, the aggregates can be crystalline nuclei.

In solvent vapor, crystallization and microphase separation will
occur in semicrystalline block copolymer thin films. In the next
section, we show the transition between crystallization and
microphase separation of PS-b-PEO film during cyclohexane and
water vapor treatment, respectively.

3.2. Morphological transition in cyclohexane vapor treatment

When the as-prepared PS-b-PEO film is annealed in cyclohexane
vapor, crystallization changes to microphase separation at first and
breakout crystallization occurs subsequently (Fig. 2 and Fig. 3).

After exposure to cyclohexane vapor, square platelets can be
observed on terraces (Fig. 2a). They can be further proved by the
electron diffraction spots, which are attributed to the two (120)
planes (inset of Fig. 3a). The single crystal with chain folding of PEO

is “sandwich” covered with the layer of amorphous blocks [38].
With annealing time increasing to 3 h (Fig. 2b,c), microphase
separated structure (the mix of lamellar and dots with 40 nm size)
occurs around the crystals of PEO on the terrace. The microphase
separated structure is confirmed from the phase image that
brighter part should represent the PEO domains since the Young’s
moduli of PS and PEO are 5.2 and 0.2 GPa, respectively [39,40]. The
bottom layer becomes flat and featureless (not shown here). It may
be a lamellar wetting layer (“brush”) [41,42]. For extended
annealing time, microphase separation (dots with 20 nm size) also
can be observed in the whole surface of the platelets (Fig. 2d). From
the TEM image (Fig. 3b) and AFM images of the backside of the
structure (Fig. 4), microphase separation can be observed, which
suggest that microphase separated structure spans across the
platelets and crystalline structure in the platelets is broken down.
The conversion process from crystallization to microphase sepa-
ration with dots morphology means that the increased enthalpy is
large enough to overcome the stability of the crystals, but not
enough for microphase separation with lamellar morphology.
Subsequently, the growth of breakout crystals of PEO can be
observed in the thin film of PS-b-PEO (Fig. 2e). Here, the fingerprint
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Fig. 3. TEM images of PS-b-PEO thin films in cyclohexane vapor for different times: (a) 1 h, (b) 48 h, and (c) 1123 h, respectively. Inset of (a) shows the selected area electron

diffraction pattern. The images were obtained without RuOy4 staining.

structure of breakout crystals is a typical diffusion-limited growth
pattern and implies that the morphology is controlled by the
diffusion of PEO blocks across PS domains toward the growth [13].
The diffusing process around the square platelets leads to the
formation of holes (Fig. 2f) which is similar to the result of thermal
annealing [16,17] in the square platelets. Eventually the film is
covered by crystals which thickness is about 120 nm (Figs. 2g
and 3c). It means that crystallization is more stable than micro-
phase separation in cyclohexane vapor.

3.3. Morphological transition in water vapor treatment

In water vapor, there is a change from crystalline structure to
microphase separated structure in square lamella. When PS-b-PEO
thin film is annealed in water vapor for 1 h (Fig. 5a,b), square-
shaped lamella is found with dendrite-like structure inside [43].
With annealing time increasing to 24 h (Fig. 5¢), weak microphase
separation occurs on the surface of the square-shaped lamella. For

extended annealing time (210 h, Fig. 5d), from the cross-section
profiles, the square-shaped lamella moves downward within rims
[16,17]. Chains at the boundaries of the crystals are much more
mobile as compared with the interior. Existence of square rims
means that PEO chains stretch at the edge of crystal and fold more
tightly [16]. Meanwhile, microphase separation occurs in the
square-shaped lamella (Fig. 5d,e). Different from the film in
cyclohexane vapor, there is no lateral microphase separation
around the square-shaped lamella.

Eventually, the AFM images (Fig. 5f) and TEM image (Fig. 5g)
show small aggregations build up in the film which is repre-
sentative in previous studies of microphase separation of block
copolymer films using AFM [44]. Fig. 6 shows that the binding
energy of the C—O peak increases with the increasing thickness,
which exhibits PS aggregations distributing in the PEO layer. It
has been reported that the phase exhibits the lowest solubility
protrudes over the higher solubility phase after solvent removal
[45,46].
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Fig. 4. Typical surface morphology and the corresponding phase contrast AFM images of the backside of PS-b-PEO thin films after annealing in cyclohexane vapor for 48 h.

3.4. Theoretical consideration of the transition between
crystallization and microphase separation

The observation of PS-b-PEO thin film annealing in cyclohexane
and water vapor is presented in the schematic diagram (Fig. 7).
Although a transition from crystallization to microphase separation
in PS-b-PEO thin film occurs under cyclohexane or water vapor
treatment, there are differences between them.

It has reported the dewetting of block copolymers induced by
solvent vapor [47]. When the interaction between one block and
the substrate surface (the surface field) is very strong, a stable brush
can form. In the case of dense brush, the homopolymer or the same
blocks cannot penetrate into the brush deeply, which may lead to
autodewetting of the materials [48]. It has reported that the
copolymer exhibited autophobic behavior, whereby the top layer
dewets a dense “brush” anchored to the silicon substrate [49]. Since
the polar PEO layer wets the polar substrate surface preferentially
and the PS layer tends to be exposed to the air due to its lower
surface energy. When the thin films are annealed in cyclohexane
vapor, the film swell (40.7% by volume) and autodewetting
occurred. PS-b-PEO block copolymer thin films form terraces on
“brush” with energetically favored values of film thickness [50]. The
terraces’ formation leads to an increase of the film surface and free
energy of the system. Since the upper boundary condition still
favors the PS, the PS will continue to dominate the upper surface
[50]. However, in water vapor, while in the case of lower swelling
degree (30.3% by volume) the solvents disturb the film less and thus
no dewetting occurred [51]. Therefore, terraces didn’t form.

The protrusion in the initial film can act as crystalline nuclei
(Fig. 7a). Therefore, the appearance of crystals is prior to micro-
phase separation not only in the poor solvent of PEO vapor, but also
in the good solvent of PEO vapor with certain annealing time.

From surface profile analysis (bottom of Fig. 2c), crystals are
located on the monolayer (“brush”) during cyclohexane treatment.
Initially, the crystal is inserted in the films and the thickness of the
crystalline structure is about 50 nm and is higher than the terrace
about 10 nm (Fig. 2a, Fig. 7b). The resulting “sandwich” crystal
structure with amorphous PS layer located at both interfaces is
energetically favored [52].

Although PEO crystals prefer to dissolve in water vapor, a small
amount of H,O molecules diffuses into the film initially and the

primary role of water is to solvate the PEO blocks by hydrogen
bonding and EO facilitates the nucleation of the crystallization of
PEO blocks [53]. It also has been reported that crystallization occurs
in aqueous PEO solutions because of its regular chain structure [54].
The growth and dissolution of crystallization will compete with
each other. Thus, at finite crystal-growth rates, different from the
crystals in cyclohexane vapor, only imperfect crystals which
thickness is about 30 nm formed in water vapor. In water vapor, no
dewetting occurred, and so PEO still existed on the substrate.
Therefore, similar to the report [18], heterogeneous nucleation of
PEO are predicted to be present predominantly with strong inter-
action with SiOx substrate and lead to the formation of flat-on
lamellae in which the PEO layer is on the surface of silicon and the
PS layer is on the top surface of the PEO crystal (Fig. 7b’).

The AFM images (Figs. 2a and 5a) show evidence of flat regions
around crystals, which indicate incomplete crystallization [55]. The
PS component possesses a lower surface energy than that of the
PEO block, which leads to parallel lamella around crystals.
The strength of phase separation between PEO and PS is deter-
mined by %N (x N (20 °C) = 56.0). Based on the mean-field theory,
the incompatibility between PS and PEO is high. The interfacial
energy between vapor and film is different from that in air or in
vacuum. In cyclohexane vapor, the gain of free volume of the PS
blocks induces the increase of enthalpy in the system. Prolonged
annealing time in cyclohexane vapor results in sufficient chain
mobility of PS chains, so lateral microphase separation can be
obtained and the preferential wetting of the PEO block onto the
substrate must have reduced the content of the PEO, which would
have led to a more asymmetric morphology [56]. The growth of
square-shaped crystals is restrained. It is presumed that the
increased enthalpy is large enough to change the initial parallel
orientation, but not enough for crystal growth of PEO. Therefore,
the size of the square-shape crystals are 1-2 um and a complex
structure can be found that single crystals are surrounded by lateral
microphase separated structure (Fig. 7c).

The preferential location of microphase separation is different
due to the different diffusion process of cyclohexane. When
cyclohexane concentration increases in the film, the PS domains
swell and PEO crystalline layers do not dissolve. So the diffusivity of
solvent molecules in microphase separated domains is higher than
in the crystalline domains. Thus, the morphology of microphase
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Fig. 5. AFM and TEM images of PS-b-PEO thin films exposed to water vapor for different times: (a, b) 1 h, (c) 24 h, (d, e) 210 h, and (f, g) 401 h, respectively.
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Fig. 5. (continued).

separated structure formed around crystals in the film of PS-b-PEO
(Fig. 7c). After solvent annealing a certain time, sufficient cyclo-
hexane enters the PEO domains to cause the PEO crystals to
dissolve. Therefore, both PS and PEO are highly mobile and can
reconstruct themselves easily. Microphase separation can be
observed in the whole film.

Different from cyclohexane, water is a selective solvent for PEO
at standard temperature and pressure. PS determines water diffu-
sivity in the film, as it may restrict swelling or affect the nature of
the PEO phase, which weakens the absorbance of solvent to PEO
and hinders the upward movement of PEO. So there is no lateral
microphase separation around crystals. The defect of crystal

facilitates solvent molecules diffusing. As a result, PS-b-PEO
molecules will be rearranged and weak microphase separation take
place on the surface of square-shaped lamella firstly. At higher
water concentrations, water molecules dissolve the PEO chains,
which reduce the driving force for formation of large aggregates.
PEO phase within the squared-crystals is fully amorphous and the
PEO crystals collapse. We found that polymers at the edges of
crystalline domains can relax more easily because at the lateral
surface of a crystalline domain the polymers experience fewer
constraints—they have fewer neighbors. Consequently, they can
reduce their number of chain folds much faster than molecules
within such domains. This leads to the formation of a rim (barrier)
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Fig. 6. XPS spectrain the C1 region of the PS-b-PEO thin film treated in water vapor for 401 h.

of less folded polymers where microphase separation occurred
even more difficult. The diblock molecules will prefer to self-
assemble into microphase-separated morphology within square
rims. Thus, cylinders (Fig. 7c¢’) induced by microphase separation
form in the square-shaped domains.

In cyclohexane vapor, the happening of local microphase sepa-
ration inducing fluctuations enhances the instability of the films.
Reorganization within polymer crystals can be interpreted as the
tendency to remove chain folds. Han et al. [57] demonstrates that
the PMMA blocks tend to perforate the PS-rich layer in response to
the acetone attraction. Similar to the report, since the relative
affinity of cyclohexane for PS is larger than that for PEO, if there is
sufficient time for solvation of the entangled PS chains, some PS
chains under the platelets tend to perforate the PEO amorphous
lamellar in response to the cyclohexane attraction. The diblock
molecules will prefer to self-assemble into microphase-separated
morphology throughout the platelets with lower free energy
(Fig. 7d). The chains at the edge of crystals become more extended
and PS segments stretch and move up coupling with PEO segments,
thus, the exterior of square platelets are fixed.

Also, PEO blocks tend to perforate the PS-rich layer in response
to the water attraction, whereas the PS blocks tend to form
aggregates to minimize the unfavorable contact of water molecules
with PS chains. Therefore, the PS blocks aggregate to form
a spherical core to avoid contact with water and the PEO blocks
form a layer around the PS core, resulting in an array of spheres
(Fig. 7d).

However, PS matrix is soft in cyclohexane vapor, so the crys-
tallization of PEO block will not be kinetically forced to occur under

Substrate

A grain with crystal stems in the film

b Cyclohexane /

—

Square crystals distributing in terrace

}

Substrate

Microphase separation (mixture of
lamellae and cylinders) around square

d l |
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v }

S
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Microphase  separation  distributing
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Fig. 7. Schematic illustration of the structure transition of PS-b-PEO thin films in cyclohexane and water vapor for different times. The grey and black lines represent PS chains and

PEO chains, respectively.
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a physical confinement. It is known that the driving force for
crystallization is clearly substantially greater than that for phase
separation, so when the film is annealed in the poor solvent vapor
of PEO for long time, crystallization dominates [13]. Finally, crys-
tallization dominates over the microphase separation, resulting in
the formation of crystals (Fig. 7e).

4. Conclusions

In summary, the transition between crystallization and micro-
phase separation is observed both during poor solvent for PS-b-PEO
(cyclohexane) and selective solvent for PEO (water) vapor treat-
ment. Crystallization occurs first due to lower barrier of crystalline
nucleation in solution. Solvent vapor selectivity effects the change
of morphologies in PS-b-PEO thin film. Herein we report during
cyclohexane vapor treatment, microphase separation can occur
around square-shaped crystals and then throughout the crystals
due to different diffusivity of cyclohexane in the film. Finally, the
crystallization energy is larger than the energy associated with
microphase separation, so crystallization dominates the
morphology of the film. The low swelling of crystalline block plays
a key role on crystallization. While in water vapor, the imperfect
crystals form due to the competing between nucleation and
dissolution of crystals. At higher water concentrations, water
molecules dissolve the PEO folded chains, and the PEO crystals
collapse within square rims. The attraction between PEO and water,
together with the repulsion of PS with the polar PEO and water
facilitate the formation of microphase separation. Microphase
separation dominates the final morphology of the PS-b-PEO film.
The gain of free volume of the soluble block plays a major role on
the formation of microphase separation.
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