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’ INTRODUCTION

Polymer thin films have been receiving extensive attention
owing to the important role in a variety of technological applica-
tions, such as adhesion, electronics, liquid crystal alignment, and coa-
tings.1�3 When polymer crystallizes in thin film, the orientation of
lamellae is very crucial to the film properties. Generally, there are two
predominant lamellar orientations (i.e., flat-on and edge-on). In flat-
on orientation, the c-axis of lamellae is normal to the substrate, while
in edge-on orientation the c-axis of lamellae is parallel to the substrate.
However, for polymer crystals in thin films, only one of the lamellar
orientations is preferential because the lamellae cannot rotate freely
during crystallization in the confined space.

It is known that the orientation of lamellae in polymer thin
films is influenced by many factors, such as film thickness, crystal-
lization temperature, and polymer/substrate interaction.4�18 In a
confined thin film system, the lamellar orientation depends on the
size of confined geometry significantly, including the film thickness
and the phase domain size. It has been reported that flat-on orienta-
tion is favored with the decrease of the geometry size.4,5 The lamellar
orientation could also be controlled by crystallization temperature.
Many studies have shown that the transition of lamellar orientation
from edge-on to flat-on generally occurs with the crystallization tem-
perature increasing.4,6�8 The three-layer model suggests that low
temperature favors edge-on lamellae development because homo-
geneous nucleation forms easily at the polymer/air interface, while
high temperature favors flat-on lamellae development because
heterogeneous nucleation predominates at the polymer/substrate
interface.8 Another control factor may be the interaction between
polymer and substrate.9 On the basis of Monte Carlo simulations,
Ma and co-workers9 reported that for slippery substrate (repulsive

interaction between polymer and substrate) edge-on lamellae devel-
op predominantly in thinfilms at high temperature, while as for sticky
substrate (adhesive interaction between polymer and substrate), flat-
on lamellae are dominant at small film thickness. They ascribed that
to the substrate-assisted crystal nucleation and the strongly inhibition
of edge-on crystal thickening at the lateral growth front, respectively.
However, there are also some inconsistent or interesting experi-
mental results that predominant edge-on lamellae of PEOdeveloped
at various film thicknesses from 12 to 2500 nm and twisted lamellae
of poly(L-lactide acid) from edge-on to flat-on developed during
crystallization in thin films (∼100 nm).13,19 The influence of film
thickness, crystallization temperature, and the polymer/substrate
interfacial interaction in particular on the lamellar orientation is still
lacking coincident and comprehensive insight. It is mainly due to the
difficulty to split the substrate effect from the film thickness effect and
to prepare a series of flat substrates with different properties.20

In the present work, the melt of PEO single crystals with
definite thickness about 10 nm was used to study its recrystalliza-
tion behavior on solid substrates. The films of PVA, LYSO,
PVPY, and PAA were chosen as substrates to study PEO/
substrate interaction. Lamellar orientation of recrystallized
PEO on these substrates was characterized in detail using AFM
and TEM. To further explain the phenomenon, a thermody-
namics model of lamellar orientation was proposed based on the
structure of the primary nucleus. In particular, we focus on the
dependence of the lamellar orientation upon the interfacial
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ABSTRACT: The recrystallization behavior of poly(ethylene oxide) (PEO) on four
amorphous films of poly(vinyl alcohol) (PVA), lysozyme (LYSO), poly-
(vinylpyrrolidone) (PVPY), and poly(acrylic acid) (PAA) was investigated using atomic
force microscopy (AFM) and transmission electron microscopy (TEM). The results
show that both the degree of supercooling and PEO/substrate interactions have
pronounced influence over the growth behavior of the PEO crystals. A thermodynamic
model has been proposed accordingly, in which the lamellar orientation is associated
with the favorite primary nucleation. We predict the lamellar orientation based on the
degree of supercooling and the surface free energy of substrate. The transition of lamellar
orientation from edge-on to flat-on is determined by a critical surface free energy of the
substrate which is equal to the surface tension of the polymer melt.
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interaction as well as the effect of the temperature on the crys-
tallization structure.

’EXPERIMENTAL SECTION

PEO (MW = 1.0 � 105 g mol�1), PVA (MW = 8.5 � 104 g mol�1),
PVPY (MW = 5.8 � 104 g mol�1), LYSO (14.3 kDa), and PAA (MW =
4.6� 104 g mol�1) were purchased from Sigma-Aldrich Chemicals and
used as received. The polydispersity and melting point of PEO are 1.4
and 67 �C, respectively. Toluene was used as solvent after distillation.
Silicon wafers were immersed in 30/70 (v/v) H2O2/H2SO4 for 30 min
at 120 �C and then rinsed with abundant high-purity deionized water.
PEO single crystals were prepared by the self-seeding method from a

0.01 wt % toluene solution.21 The PVA, LYSO, PVPY, and PAA films
were used as substrates which were prepared by spin-coating their 1 wt %
solution onto cleaned siliconwafers. Thickness and surfacemean roughness
of the polymer films were measured by atomic force microscopy (AFM)
(Nanoscope IIIa MultiMode, Digital Instruments). The suspension con-
taining PEO single crystals was deposited onto the substrates, and then the
solvent was evaporated in a vacuum oven at 22 �C for 24 h.
PEO single crystals on different substrates were heated to 75 �C

quickly and annealed for 2 min, then quenched at a rate of 130 �C/min
to a selected crystallization temperature (Tc), and isothermally recrystallized
for 4 h using a hot stage (FTIR600, Linkam). The height and phase images
of recrystallized PEO films were acquired using tapping-mode AFM. Silicon
tips (TESP) with a resonance frequency of∼300 kHz and a spring constant
of about 40Nm�1 were used. The diffusion behavior of PEOmelt on PVA,
LYSO, PVPY, and PAA substrates was observed in situ using the sameAFM
equipped with a hot stage (Digital Instruments).
Electron diffraction (ED) was performed using a JEM-2100 TEM at

an accelerating voltage of 100 kV. For PEO single crystal samples, the
suspension containing PEO single crystals was directly deposited on
carbon-supported TEM copper grids and then dried in a vacuum oven
for 24 h at 22 �C. For PEO samples on PVPY substrate, the preparation
procedures are as follows: first, the ultrathin polystyrene filmswere prepared
on carbon-coated mica, and then the PVPY substrates were spin-coated on
the surface of polystyrene films. After that, the suspension containing PEO
single crystals was deposited on the prepared PVPY substrates as before.
After recrystallization, the multilayered samples were floated off onto the
surface of distilled water carefully and then mounted on 400 mesh electron
microscopy copper grids and dried in a vacuum oven for 24 h at 22 �C. All
the samples for ED experiments were prepared at the same condition as that
for AFM observation.

’RESULTS

PEO single crystals with regular square shape and flat surface
are shown in Figure 1a. Thickness of the crystal is about 11.0 nm as
shown in the cross-section analysis (Figure 1b). Figure 1c is a
selective area electron diffraction pattern corresponding to the PEO
single crystal. The two pairs of diffraction spots are attributed to the

(120) planes of the PEO crystals withmonoclinic crystal lattice.22,23

The pattern implies that the chain-folded surface is parallel to the
substrate surface (i.e., the PEO chain is perpendicular to the
substrate surface). Because of the well-defined shape and uniform
thickness, PEOsingle crystals can be taken as a perfectmodel system
for studying polymer recrystallization behavior on substrates.

Each of PVA, LYSO, PVPY, and PAA substrates has uniform
thickness and smooth surface. The thicknesses of substrates are 51,
20, 59, and 72 nm for the PVA, LYSO PVPY, and PAA, respectively,
and the mean roughness of all the films is lower than 0.3 nm (see
Supporting Information Table S1). Then the recrystallization beha-
vior of PEO melts on these substrates only depends on the crystal-
lization temperature and the interaction betweenPEOand substrates,
while the geometrical structure of the substrates is irrelevant.

In-situ observation on the diffusion of the PEOmelts on PVA,
LYSO and PVPY substrates at 75 �C is shown in Figure 2. The
dashed lines represent the original outlines of the PEO single crys-
tals before melting (Figure 2a,d,g). The solid lines give the sizes of
the PEOmelts after annealing at 75 �C for about 2 h (Figure 2c,f,i).
OnPVA substrate, PEOmelt shrinked significantly to its center after
annealing at 75 �C for 43 min (Figure 2b). PEO melt changed to
ellipsoid shapewith the thickness up to about 85 nm (Figure S1) for
115min (Figure 2c).OnLYSO substrate, the size and shape of PEO
melt were almost the same as that of the PEO single crystal after
annealing at 75 �C for 41 and 112 min (Figure 2d�f). The height
of PEO melt was also similar to that of the PEO single crystal
from the AFM cross-section analyses (Figure S2). However, on
PVPY substrate, the diffusion of PEO melt was clearly observed
(Figure 2g�i). The size of PEO melt (solid line in Figure 2i) was
obviously larger than that of the original PEO single crystal (dashed
line in Figure 2g,i) after annealing at 75 �C for 110min. At the same
time, the height of PEO melt gradually decreased from the crystal
center (∼11 nm) to the edge (∼5 nm) (Figure S3). On PAA
substrate, the similar diffusion behavior as on PVPY substrate was
observed. The height of PEOmelt onPAA substrate decreased from
the original 11 nm to about 8 nm for only 10 min incubation at
75 �C (Figure S4). The results clearly indicate that wetting of the
PEO melt took place on LYSO, PVPY, and PAA substrates, while
dewetting of the PEO melt occurred on PVA substrate.

The wetting or dewetting behavior of a polymer melt on a
polymer substrate is related to the spreading coefficient, S,
given by24,25

S ¼ σb � ðσab þ σaÞ ð1Þ

where σb and σa are the surface energies of an amorphous
polymer substrate and PEO melt, while the σab is the inter-
facial energy of the two contacting surfaces. If S is positive, the
polymer melt will spread on the solid substrate; otherwise it

Figure 1. (a) AFM height image of a PEO single crystal, (b) the corresponding cross-section analysis, and (c) the corresponding electron diffraction
pattern of a PEO single crystal.
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will dewet. Therefore, for PAA and PVPY substrates, S > 0. For
LYSO substrate S ∼ 0, and for PVA substrate S < 0.

Lamellar orientation of the recrystallized PEO on PVA, LYSO,
and PVPY substrates obtained at different isothermal crystal-
lization temperatures was determined using AFM and TEM ED
pattern. Because of the rapid heating and cooling rate when PEO
melted and recrystallized, the thickness of the PEO melts on
these substrates remains almost unchanged. The diffusion of the
PEO melts on LYSO, PVPY, and PAA substrates is neglectable.

The recrystallization behavior of PEO melts on different sub-
strates was studied in detail. The results of lamellar orientation of
PEO on PVPY substrate are shown in Figure 3, and the other
results can be found in the supplements. When PEO melt was
isothermally crystallized at a temperature above 0 �C on PVPY sub-
strate, dendritic crystals with flat-on lamellar orientation always
formed (Figure 3a,b). The ED pattern displays the diffraction of
two pairs of (120) planes, which means that c-axis of the lamellae is
normal to the substrate (Figure 3c). However, when PEO melt
crystallized isothermally at a temperature below�15 �C, crystals with
edge-on lamellar orientation can be observed (Figure 3d,e). Figure 3f
shows the ED pattern of the crystals obtained at�15 �C. The inner

ring is indexed as (120), while the outer rings consist of overlapped
(132), (032), (212) (112), (124), (204), and (004) diffractions.
Therefore, the chain direction in the crystal is parallel to substrate
surface, and the crystals are not perfectly oriented edge-on lamellae.26

Obviously, the transition of lamellar orientation from flat-on to edge-
on occurs at a crystallization temperature ranging from 0 to�15 �C
onPVPY substrate. The similar transition from flat-on to edge-on can
be observed on PVA and LYSO substrates. The transition tempera-
tures range from 45 to 30 �C and from 30 to 15 �C on PVA and
LYSO substrates, respectively. The results are summarized inTable 1,
and AFM images can be seen in the Supporting Information (Figure
S5). Moreover, on PAA substrate, PEO melt cannot recrystallize in
the temperature range from 45 to �30 �C due to the complex
formation between PEO and PAA chains through very strong
interfacial interaction.27,28

’DISCUSSION

On the basis of our experimental results, we can conclude that
for thin films with definite thickness (∼10 nm) lamellar orienta-
tion is mainly controlled by two factors: the crystallization

Figure 2. AFMheight images show the in-situ diffusion behavior of PEOmelts on different substrates: (a) the original crystal on PVA substrate at 20 �C,
(b) at 75 �C for 43min, (c) at 75 �C for 115min; (d) the original crystal on LYSO substrate at 20 �C, (e) at 75 �C for 41min, (f) at 75 �C for 112min; (g)
the original crystal on PVPY substrate at 20 �C, (h) at 75 �C for 40min, (i) at 75 �C for 110min. The dashed lines represent the original crystal outline on
the three substrates, and the solid ones represent the outline after annealing at 75 �C for a certain time.
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temperature and the polymer/substrate interfacial energy. Con-
sidering flat-on and edge-on lamellae must develop from the
primary nucleus, then flat-on and edge-on primary nucleus on the
substrates are shown in Scheme 1. The free energy for flat-on
nucleation is

ΔGF ¼ 4laσCM þ a2ðσeCM þ σeCS � σMSÞ � a2lΔf ð2Þ

where l and a are the dimensions of the nucleus, σCM, σeCM, σeCS,
and σMS are the interfacial free energy of lateral plane of crystal and
melts, folding plane of crystal and melts, folding plane of crystal and
substrates, and melts and substrates, respectively. Δf is the free
energy change on crystallization per unit volume and

Δf ¼ ΔhΔT
T0
m

ð3Þ

whereΔh is the heat of fusion, Tm
0 is the equilibrium melting point,

and ΔT = Tm
0 � T is the degree of supercooling.

The critical size and free energy can be calculated by ∂ΔGF/∂a =
∂ΔGF/∂l = 0, and the critical free energy for flat-on nucleation is

ΔG
�
F ¼ 16σCM

2ðσeCM þ σeCS � σMSÞ
Δf 2

ð4Þ

The free energy for edge-on nucleation shown in Scheme 1 is

ΔGE ¼ 2acσeCM þ 2lcσCM þ laðσCM þ σCS � σMSÞ � aclΔf

ð5Þ
The critical free energy for edge-on nucleation is

ΔG
�
E ¼ 16σeCMσCMðσCM þ σCS � σMSÞ

Δf 2
ð6Þ

Figure 3. AFMheight images show the morphologies of recrystallized PEO on PVPY film. PEO single crystals on PVPY substrate were quickly heated to 75 �C
and annealed for 2 min and then quenched at a rate of 130 �C/min to a selected crystallization temperature: (a) 0 �C and (d) �15 �C. (b) and (e) are the
corresponding high-resolution AFM phase images of (a) and (d). (c) and (f) are the corresponding TEM ED patterns of the PEO crystals with the same
conditions as (a) and (d).

Table 1. Lamellar Orientation of PEO Crystals on PVA, PVPY, LYSO, and PAA Substrates Recrystallized at a Series of
Temperaturesa

a F( )) and E(=) represent the flat-on and edge-on lamellar orientations.
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The favorite type of lamellar orientation is determined by the
difference of the critical free energy of the primary nucleation
(eqs 4 and 6).

ΔG
�
F �ΔG

�
E ¼ 16σCM½σCMðσeCS � σMSÞ � σeCMðσCS � σMSÞ�

Δf 2

ð7Þ
We relate the interfacial free energy to the surface tension
according to Fowkes theory on the interfacial energy, i.e., σab =
(σa

1/2 � σb
1/2)2, and our final result of the free energy differ-

ence between flat-on nucleation and edge-on nucleation is

ΔG
�
F �ΔG

�
E ¼ 32ðσeC

1=2 � σC
1=2ÞðσeC

1=2 � σM
1=2Þ

Δf 2

ðσC
1=2 � σM

1=2Þ3ðσS
1=2 � σM

1=2Þ ð8Þ
Thus, we may predict the orientation of lamellae from the

deference of surface energies among σeC, σC, σM, and σS. The
folding surface energy σeC is always larger than the lateral surface
energy σC and surface energy of polymer melts σM at the same
temperature; therefore, the orientation of lamellae only depends
on σC

1/2 � σM
1/2 and σS

1/2 � σM
1/2. In the case of σC > σM, it

can be concluded that the orientation will change from flat-on to
edge-on with the increasing of surface free energy of substrates.
In the case of σM > σC, the orientation will change from edge-on
to flat-on with the increasing of surface free energy of substrates.
Because of the weak dependence of the solid surface energy on
temperature, the transition only depends on the surface tension
of polymer melts at σC = σM(T*) and at certain temperature T*
and surface energy of substrates σS*. σM0 is the σM when the
temperature is at Tg. The phase diagram of the lamellar orienta-
tion on the substrates with different surface energies is shown in
Figure 4. The diagram clearly shows the good agreement
between the experimental observation in Table 1 and the
theoretical prediction of eq 8. We even may estimate the surface
energy of LYSO from our model by using the critical surface
energy σS*= σM(T). The surface energy of PEOmelts depends on
the temperature by Roe29

σPEO ¼ 42:8� 0:076ðT � 20Þ ð9Þ

On the basis of the experimental results that the transition
temperature for LYSO in 15�30 �C and for PVPY in 0�15 �C
(Table 1), the transition surface energy from edge-on to flat-on
orientation may be estimated as σS*= σPEO(22.5 �C) = 42.6
mJ/m2 for LYSO substrate and σS* = σPEO(7.5 �C) = 43.8 mJ/m2

for PVPY substrate. The results are in good agreement with the
experimental measurement of PVPY surface energy (the surface

energies of PVA, PVPY, and PEO are 37, 46, and 43 mJ/m2,
respectively30,31) Zhu et al.4 reported the temperature depen-
dence of the lamellar orientation previously, which also confirm
the valid of our model that the orientation is determined by the
favorite primary nucleus.

’CONCLUSION

Wetting and dewetting behaviors of PEO melts on different
substrates were observed in situ using AFM at 75 �C. The results
clearly indicate that wetting of the PEO melt took place on
LYSO, PVPY, and PAA substrates, while dewetting of the PEO
melt occurred on PVA substrate. The larger the interfacial free
energy, the faster the dewetting process (on PVA substrate) takes
place, while the smaller the interfacial free energy, the faster the
wetting process (on PAA substrate) occurs. Lamellar orienta-
tions of recrystallized PEO on the substrates were investigated
using AFM and TEM ED pattern. The results show that both the
degree of supercooling and PEO/substrate interfacial free energy
have a significant influence on the lamellar orientation of the
PEO crystals. Both the lower the interfacial free energy and the
larger the supercooling degree are needed to induce the transi-
tion from flat-on to edge-on lamellae. A thermodynamic model
was proposed to predict the dependence of the lamellar orienta-
tion on the degree of supercooling and the surface free energy of
substrates. Our model suggests that the surface free energy of
PEO melt is equal to the surface energy of substrate at the
transition point from flat-on to edge-on lamellae. The observed
temperature and surface energy dependence of the lamellar
orientation in our work supported our model qualitatively.

Scheme 1. (a) Flat-On and (b) Edge-On Primary Nucleus on the Substrates

Figure 4. Phase diagram of the lamellar orientation in the thin film.
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bS Supporting Information. AFM height images and the
corresponding cross-section analysis of PEO single crystals
annealed at 75 �C for a period of time on PVA, LYSO, PVPY,
and PAA substrates; AFM images of PEO recrystallized at some
special temperatures on different substrates. This material is
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