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ABSTRACT: Changes in the crystal growth mechanism were observed in pseudo-dewetted, thin layers of low
molecular weight (MW) poly(ethylene oxide) (PEO) on a hydrophilic mica surface. The studies were conducted
using two PEO fractions (HPEO and MHPEOQ) with similar MW's (number-average MW of around 4500 g/mol)
but different end-group chemistries. For the HPEO, both ends of the chain are capp&tbgroups. For the
MHPEO, one end is capped by arOH group, while the other end is capped by -a®@CHs; group. Utilizing

in-situ atomic force microscopy, the growth of single crystals as a function of timeaé monitored at different
crystallization temperatured,). Depending on the end-group chemistry andapplied, two growth laws were
observed, which state that the crystal lateral sipe the crystal volumé&/ can be linearly proportional to(r O

t or V O t). Combined with morphological observations of the single crystals, it could be deduced that Wwhen

t, the crystal growth was nucleation-limited (NL), while in the cas& af t, and thug [ t°5 at constant crystal
thickness, the crystal growth was diffusion-limited (DL). A change of the crystal growth mechanism from the
NL to the DL process was also observed with decreaSinigp the MHPEO sample.

Introduction suppression on the crystal growth rate can be achieved due to
For a polymer system in a metastable state, such as athe growth from the quasi-2D thin layer of the polymer melt?
supercooled liquid at a given surpercoolingTj, a newly In the past decade, many studies have been focused on the

formed stable phase (such as a crystal phase) can be disperse@Plymer crystallization from thin layers on solid substrates. As
in the metastable phase. This two-phase coexistence is not afn €xample, it has been observed that varyingAfieand the
thermodynamic equilibrium. The total free energy of the system layer thickness in isotactic polystyreneRS) leads to various
can be decreased by growing the stable (crystal) phase andrystal morphologies including faceted single crystals, a compact
reducing the crystallliquid interfaces. The kinetics of crystal Seaweed, dense branching morphology, or fractal dendfites.
growth is usually governed by one of two processes: a massAt very low AT and relatively thick layers, thePS faceted
transport process via diffusion or a nucleation process via monolayer single crystals grow with a linear growth rate,
molecular attachment and detachment. Depending on theindicating clearly a NL growth mechanism. On the other hand,
thermodynamics and conditions of crystal growth, the limiting the branching morphologies, which are usually formed at
factor can be either diffusion or nucleatir® Namely, when relatively highAT values, are believed to be associated with
the slowest Step ina Crysta| growth is the nucleation processythe existence of a diffusion field within the thin Iayers. The
this crystal growth is nucleation-limited (NL). On the other hand, growth of the branching tips is measured to be a linear function
if the slowest step in a crystal growth is the diffusion process, Of crystallization time, but the growth rate is significantly slower
the crystal growth is then diffusion-limited (DL). In polymers, than those found in-PS bulk crystallization. Moreover, at the
when a system is reduced from three-dimensional (3D) to quasi-Same crystallization temperaturd), the growth rate is
two-dimensional (2D) space, as realized in thin films with the decreased with decreasing layer thickness, until the layer
thickness comparable to the radius of gyratiBg) of polymer ~ thickness approaches the lamellar thickness. These previous
chains (usually several to tens of nanometers), the behavior ofstudies oni-PS have provided remarkable results including
polymer crystallization is qualitatively chang&# For example, guantitative data for crystallization kinetics and morphological
the thin layer can anisotropically suppress the polymer density instability of thin layer polymer crystallization. Another polymer
fluctuation so that the crystal growth may be altered as comparedchosen as a model compound for thin layer crystallization is
with that of bulk (3D) crystallization. Therefore, interesting Poly(ethylene oxide) (PEO) fraction$.2> Similar to those
questions arise: when a monolayer single crystal sets in theobserved ini-PS, the growth rate of the PEO crystals is
thin melt layer with a thickness of a few to tens of nanometers, decreased with the layer thickness, and different morphologies
what is the limiting factor for the crystal growth? How much have been obtained by varyifig A theoretical model analogous

to diffusion-limited aggregation (DLA) has been proposed to
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hydrophilic mica surface using two low molecular weight (MW) 100°C. The standard materials were first pressed and crystallized
PEO fractions with different end-group chemistries. One of the into films between two glass cover slides with a thickness-of
Samp|eS, which will be referred to as HPEO, has-dDH at um. When theTm values were approached, the films of these
both chain ends, and the other, MHPEO, has one erd3itHs standard materials were heated very slowly on the AFM hot stage

and another one ot OH. It is well-known that the low-Mw L 2, e, AR, 0 s CET e mederate
PEO fractions can form lamellar crystals with the lamellar . g Y

. . ; ; temperature region and the PEO film samples were very thin, the
thickness k) to be the integral fraction of the chain length Ay tip effect on film temperature is trivié® Thus, no further
_[":(n)]’Z&30 inwhichL = IuN/(n + 1), with [, = 0.278 nm,N calibration on the tip effect was carried out.
is degree of polymerization, andis the fold numberr{ = 0, During AFM scanning, the cantilever tip-to-sample force needed
1, 2, ...). These IF) crystals can also form in the PEO thin to be carefully adjusted to avoid height artifa#4g°In particular,
layers. They are usually monolayer flat-on lamellae on the care was needed when measuring the depletion zones near the PEO
hydrophilic solid substratg§18.2-24 single-crystal growth fronts. On the basis of our experience, the

Thin layers of PEO can be obtained by either spin-coating obseryation of the.(.jepletion zone was highly dependent on the
or static casting from solution. After the thin layer on a experimental conditions. If too many melt droplets set on the

- . . pseudo-dewetted thin layer, for example, the depletion zone could
hydrophilic substrate is heated above the melting temperature o clearly detected. For the tip-to-sample force, a large force

(Tm) of PEO crystals, a pseudo-dewetting melt structure will .44 |ead to tip penetrations into the thin wetting layer, resulting
usually be formed. Namely, the strong interaction between the i, 3 direct touching of the mica surface. When our AFM
—OH end groups of PEO molecules and the substrate surfaceexperiments were carried out to record the height profile of the
favors an adsorbed (wetted) thin monolayer with a thickness of depletion zone, we increased the valuegfwhich is the ratio of
4—6 nm, and the nonadsorbed PEO molecules form droplets the set-point amplitude to the driving amplitude, to be the largest;
sitting on the top of the monolayer presumably due to auto- Yet, the surface profiles could still be monitored. This led to a
phobic dewetting415:3132This pseudo-dewetted melt structure disadvantage in that the tip could be easily disengaged with the
can be retained in supercooled conditions. When the crystal PEO thin layer surface during the scanning of one image. On the
growth takes place from the pseudo-dewetted thin layers, theOther hand, in order to reveal the single crystals embedded in the

L . melt droplets on the thin wetting layer, we also enlarged the tip-
newly formed IF() crystals with fixed lamellar thickness can to-sample force to detect the crystals. Because of this, the tip could

be unambiguously distinguished from the melt by using the qye the melt droplets and disturb the wetting layer. All the AFM
atomic force microscopy (AFM) technique. Therefore, we utilize yaw data were carefully analyzed without using the planefit
in-situ AFM to follow the crystal growth process and their procedure. When the crystal growth was not too fast at relatively
morphological evolution when the PEO single crystals grow low AT values, a scan rate of 1 Hz and a resolution of 25856

from the pseudo-dewetted thin layer melt. Our observations were selected to generate high-quality images; therefore, the time
reveal, for the first time, &T and chain end-group chemistry  required for every AFM image was4.3 min.

dependence of the growth mechanism. A crossover from an NL . After the thin layer samples were completely melted, the PEO
process to a DL process can also be found. isothermal crystal growth from the pseudo-dewetted melt was

extremely difficult atT, values above 30C. In order to overcome
this difficulty, the self-seeding proce8s3 was performed on the
AFM hot stage. After quenching from the melt and crystallizing at
Materials and Sample Preparation.The samples of HPEO and T < 30 °C, the PEO thin layer samples were slowly heated and
MHPEO were purchased from Polymer Laboratories and Fluka Co., annealed into the IF(0) crystals. We controlled the temperature to
respectively. After careful purification and fractionation, the melt most of the IF(0) crystals such that there remained only several
number-average MW’a\,,) of the HPEO and MHPEO were 4250 IF(0) nuclei embedded in some of the dewetted melt droplets as
and 4700 g/mol, respectively, with near monodisperse MW seeds to initiate the isothermal crystal growth.
distributions (polydispersities of 1.03 as measured by gel permeation  Upon the slow AFM heating experimeritsywe also determined
chromatography with PEO standards). In order to obtain the thin the melting temperature of the IF(0) crystals,(0)] for both of
layer samples, PEO/methylene chloride solutions (B0~ g/mL) the PEO samples. We first grew the IF(0) monolayer single crystals
were pipetted onto a freshly cleaved mica surface at room of the HPEO and MHPEO at a sufficiently lawT with a prolonged
temperature; the excess solution was blotted with filter paper. After isothermal time. The perfected IF(0) crystals were then heated on
the solvent was evaporated in an ambient environment, the sampleshe AFM hot stage, and the AFM images were recorded at®©.2
were completely dried in a vacuum oven at°Z5for several days. temperature increments. Once the IF(0) crystals started to shrink
Equipment and Experiments. To measure the thickness of the ~ at the periphery, the corresponding temperature was assigned as
wetted PEO thin layer on the mica surface, X-ray reflectivity theTm(0). TheTn(0) of the HPEO and MHPEO were measured to
measurements were conducted with a Bruker D8-Advance reflec- be 62 and 64.8C, respectively, which are the average values over
tometer in the thetatheta mode with a horizontal sample stage the results of at least five independent measurements. The difference
setup. A Goebel mirror was used to get parallel X-ray beams and of the Tin(0) values of these two PEO IF(0) crystals is due to the
to suppress the Cu/Kradiation. The PEO samples were cast on difference in the surface free energies of the crystals caused by
the mica sheets that were preglued onto a silicon wafer with the different end group424
sufficiently flat top surface. The sample was then mounted on the . )
heating block of the sample stage, of which the temperature Results and Discussion

accuracy is+0.2 OC After the PEO thin fllms W.ere Completely Morphology of the Pseudo-Dewetted PEO MeltAfter the

melted, two experimental temperatures "CA(in the isotropic melt)  pgQ samples were heated and melted, the first feature of the

?er:‘(ljecsti?/itc n(q'gatsﬁemgﬁztable melt), were used for the X-ray ppq thin layer on the hydrophilic mica surface is pseudo-
y ) dewetting. Figure la shows X-ray reflectivity patterns of the

Using the tapping mode of the in-situ AFM (Nanoscope IIIA .
with a hot stage), we recorded both the height and phase imagesHpEO sample at 74 and 5%, respectively. Note that a

during the PEO isothermal crystal growth. The temperature of the temperature of 74C is well a‘?ove thefm(0) of the HPEO at
AFM hot stage was calibrated using standard materials (benzophe-62 °C. On the other hand, since the sample was completely
none with a melting temperatur&) of 47.9°C, naphthalene with melted and no seeds were left before the reflectivity measure-
a Ty of 80.2°C, and benzoic acid with &, of 122.3°C) to have ments, we were able to cool the thin film samples into the
an accuracy of:0.2 °C in a temperature region between 40 and metastable state without PEO crystallization at65Therefore,

Experimental Section
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HPEO (similar morphology can be also seen in the figures of

:_E I AFM images below). It is suggested that the conformation
< 8} difference between the adsorbed and nonadsorbed molecules
- B 6 4°C may cause the partial dewettif®2 The sizes of the droplets
;_ A 55°C vary with different thermal history applied. Right after the thin
2 22— layer is melted, the PEO droplets are usually small with the
2 5 1525354555 lateral dimension ranging from hundreds of nanometers to a
3 26(degree) few micrometers and a height of tens of nanometers. With an
& increase in the holding time at temperatures aboveTtk(®),
74°C similar to Ostwald ripening, the formation of larger droplets is
HPEO (M, = 4250) 55°C accompanied by a decrease in and disappearance of the smaller

droplets. It should be noted that in this case the segregated
droplets are actually connected to each other through the thin
wetting layer on the substrate.

Nucleation-Limited (NL) Single-Crystal Growth in MH-
PEO Pseudo-Dewetted Thin LayersAfter self-seeding, the
isothermal crystal growth exhibits two stages in the growth
process. In the first stage, the crystal growth takes place within
the nucleus-containing droplets. Once the molten PEO molecules
in the droplet are exhausted, the second stage starts. The crystals
continuously increase in their size, accompanied by a shrinking
of the neighboring non-nucleus-containing droplets and a
decrease in the droplet number. This indicates that not only the
droplets which contain nuclei but also those non-nucleus-
containing droplets serve as material “reservoirs” from which
the molten PEO molecules transport toward the crystal growth
fronts. One can expect that the growth in the first-stage should
be closer to that in the bulk where the crystal fronts are
surrounded by the molten PEO molecules. However, the growth
b in the second stage requires molecular transport through the

Figure 1. X-ray reflectivity pattern of the molten HPEO monolayer ~thin wetting layer.
o o et o ety o i sy, e 2 Shows  set of AW snapehas at dferent s
; - ' an isothermal crystal growth experiment for the MHPEO sample
EQISR%A(B),'AFM image of autophobic dewetted molten PEO droplets at at aTy of 62°C (AT = 2.5°C), which is close to thdy(0) of
the IF(0) single crystal. At thigy, only the IF(0) single crystal
the X-ray reflectivity patterns of Figure 1a correspond to the forms with a thickness of 30 nm. Both the first-stage (Figure
equilibrium and the supercooled melt of the HPEO. In order to 2&P) and the second-stage growths (Figurefpare observed.
clearly illustrate the interference effect, we present in the inset The single crystals keep their regularly facetted shape bounded
of Figure 1a the reflection curves normalized by the Fresnel BY two (100) and four (120) growth planéSThe orientation
reflectivity, R/Re. At both temperatures, the peaks are centered of two single crystals should be attributed to the orientation of
at 6 ~ 0.98, indicating a continuous layer of the PEO melt the se_e_ds, which resulted from the self-seeding using a large
with a thickness of-4.5 nm covering the entire mica surfée. ~ dendritic crystal as a precurs&'We have measured the crystal
This observation agrees with that reported by Reiter and !ateral size change (2ndexed in Figure 2f, which is the growth
Sommer415For the MHPEO, similar X-ray reflectivity patterns ~ 'ate along the [100] direction) as a function of tintg The
were obtained, from which the wetting layer thickness was also Plot between the andt as shown in Figure 3 gives rise to two
measured to be-4.5 nm. TheRy's of the HPEO and MHPEO linear relationships with different slopes, indicating two constant
samples are estimated to be around 2.5%ihis indicates linear growth rates. These two linear growth rates correspond
that the adsorbed PEO layers on the mica surface may contairf© the two growth stages. The observations of a crystallographi-
one layer of the molten molecules. It is conceivable that the cally facetted single-crystal shape and the linear growth rates
strong interactions of the OH end groups of the PEO molecules lead to a conclus_lon that the crystal growths in both stages follow
with the hydrophilic mica surface facilitate the PEO adsorption the NL mechanism.
to form the thin wetting layer. For the MHPEO sample, only It is specifically interesting that the growth rate in the second
one—OH end group per molecule is interacting with the surface stage (4.3x 1072 um/min) is nearly an order of magnitude lower
to form transiently tethered chains on the surface; however, mostthan that in the first stage (2.9 1072 um/min). On the mica
of the HPEO chains form transient loops due to the interactions surface, the IF(0) monolayer single crystal with a thickness of
from both end groups. We expect that this difference in the 30 nm is much thicker than the wetting layer 4.5 nm in
interactions will substantially influence the crystal growth the second-stage growth. In the second stage, even assuming
behavior of these two samples (see below). However, reasonghat the wetting layer perfectly connects the IF(0) single-crystal
for the similar thicknesses of these wetting layers in the two growth front, the molten PEO molecules can only access the
PEO samples need to be investigated further. growth front via the interface, which is only a few nanometers
The excess PEO molecules that do not directly interact with thick. Therefore, the molten PEO molecules must go via the
the mica surface may form droplets and sit on the top of the wetting layer near and at the interface. After pushing through
adsorbed layer. Figure 1b is an AFM image which demonstratesthe interface, the PEO molecules landed on the crystal growth
the droplet morphology of the pseudo-dewetting melt of the front, and they needed to climb onto the growth face and extend
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Figure 2. Set of AFM snapshots (a, b: phase imagest: cheight images) for the MHPEO crystallized at 82 at different times of (a) 4.3, (b)
21.3, (c) 38.4, (d) 51.2, (e) 119.5, and (f) 187.7 min and (g) a cross-section plot of the depletion zone when the MHPEO sample crystallized at the

sameTy.

to the top edge of the lamella via adjusting their conformations. front is thinner than the thickness far away from the interface,
This leads to an increase in the nucleation barrier and ainferring the existence of a depletion zone. However, in this
substantial decrease of the growth rate in the second stage. Wease of MHPEO, Figure 2g shows a cross-section plot of Figure
suggest that the nucleation barrier increase in this stage is largely2f, and the depletion zone is not as obvious as in those cases.
entropic in nature. A specific note should also be put forward for Figure 2. In this
In other cases of thin layer crystallization previously series of AFM images, evidence that the AFM tip moves thicker
reportedi!~16 the wetting layer thickness near the crystal growth MHPEO melt droplets can be seen. This is due to the fact that
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and does not significantly affect the crystal growth. Note that
MHPEO molecules in these melt droplets will also be trans-
ported to crystal growth front via the thin wetting layer.
Therefore, although the tip perturbation cannot be completely
precluded, the crystal growth rate data measured via the AFM
technique provides reliable experimental results for our analyses.

Diffusion-Limited (DL) Single-Crystal Growth in HPEO
Pseudo-Dewetted Thin LayersFor the HPEO sample, we have
also conducted the isothermal crystal growth experiments. These
experiments directly result in the IF(0) crystal with a thickness
of 27 nm atAT values between 2 and BC. The first-stage
growth of the HPEO sample is found to be extremely fast, and
our AFM experiments cannot precisely follow the crystal lateral

at 62°C vs time {) for the first and second stage of crystal growth. SiZ€ change with. We thus focus on the second-stage growth.

Different from the facetted MHPEO single crystal shown in

we utilized a large tip-to-sample force to reveal the crystals Figure 2, the IF(0) single crystals of HPEO always assume more
embedded in the melt droplets. We wonder whether the tip or less round shapes (see Figure 4rat= 57 °C or AT =5
perturbation could affect the crystal growfhDifferent tip-to- °C). Since the crystals do not have well-defined growth faces
sample forces were then applied to monitor the second-stageor tips, we use the crystal volum&)(as a function oft to
growth. The growth rates observed are very close to those monitor the crystal growth. Special attention should be paid in
measured using a large tip-to-sample force. We believe that theFigure 4e, which is the cross-section plot of Figure 4d. We
perturbation to the melting droplets by the tip may relax rapidly observe the existence of a depletion zone, although the exact
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Figure 4. Set of AFM snapshots (height images) for the HPEO crystallized &4C5at different times of (a) 8.5, (b) 52.5, (c) 140.8, and (d) 166.4
min and (e) a cross-section plot of the depletion zone when the HPEO sample crystallized at tfig. same
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Figure 5. Growing crystal size\() of the HPEO vs timet] at T of CS‘
57 and 60°C. crystal growth
profile of this depletion zone cannot be accurately determined direction
by AFM. crystal —
In Figure 5, the linear relationship betweé&h and t is
particularly interesting. This growth behavior is held for all the Depletion
isothermal growth of the HPEO crystals in th& region. Since zon .
the crystal possesses a constant thickness and identical mor- ! wetting
phological shape aAT = 2—6 °C, the relationship o¥/ O t is ! layer

equivalent to that of the average lateral growth sizZe t %5,
which refers to a DL crystal growth. Note that this relationship r X b

05 i imiti
of r 't may also be observed in other transport limiting Figure 6. Schematic of the depletion zone between the PEO crystal

processes such as the crystal growth limited by the heatang the wetting layer (a) and the surface concentration of the PEO
conduction for a polymer crystallized in an injection molding molecules Cs) as a function of distance along the radial direction

process with transcrystallization. However, in this case, the DL from the crystal center (b).
process caused by mass transport is the mechanism for the
HPEO crystal growth. be essentially solution chemical (chemical potential) diffusion
The DL mechanism of polymer crystals with their shapes of controlled! In Figure 5, the growth rate of\ddt is found to
fractal dendrites and seaweeds has been reported in the thirincrease with decreasing, which indicates an increase in the
layer melt crystallizatiof:11-16.21-25 The observation reported ~ concentration gradient. This is due to the fact that as the
here provides the first experimental evidence for the polymer crystallization driving force increases, the crystal growth at a
single-crystal growth which follows the DL mechanism before lower Ty always consumes more HPEO molecules at the front
the morphological instability sets in on a micrometer size scale. compared with that at a high& within a constant time period.
Since in the second stage the single-crystal growth from the However, at this moment, we cannot precisely measure the
thin layer melt is sufficiently slow and the latent heat can diffuse thickness change in the depletion zone, and therefore, the
away readily, the crystal growth is effectively isothermal. explanation provided here remains qualitative.
Therefore, the observation of this DL process should arise from  Itis worth noting that at a simileAT of ~ 2 °C the MHPEO
a concentration gradient of the transported HPEO molecules,and HPEO with similar MW's exhibit completely different
which is related to the depletion zone generated in the front of crystal growth mechanisms. This may be attributed to their
the HPEO crystals. different end-group chemistries. For the adsorbed HPEO
Let us define a surface concentration of chains per unit areamolecules, both of the-OH end groups in each molecule
on the mica surfaceCs. Assuming that the PEO density in the interact with the hydrophilic mica surface to form a transient
wetting layer is identical to the density of the bulk melt (1.123 loop. However, for the MHPEO molecules, while th®H end
g/c?), the Cs of the wetting layer with~4.5 nm thickness group dynamically tethers on the mica surface, the other
should be~0.7 molecules/nifor the HPEO molecules. This  hydrophobic—OCHs; end group prefers contacting with the air
value is much lower than th€s of 4.7 HPEO molecules/ntn on the top surface of the wetting layer. It is plausible that the
calculated in the IF(0) lamellar crystfl.When the HPEO diffusion of the HPEO loops on the mica surface, which needs
molecules’ nucleation at the crystal growth front is faster than to have both—OH end groups hopping on the mica surface
the molecules transporting to the growth front via diffusion in more or less simultaneously, may be more difficult compared
the thin wetting layer, a depletion zone forms near the crystal with the diffusion of the tethered MHPEO molecules. Conse-
growth front. Figure 6a is a schematic sketch of the depletion quently, although the two PEO fractions possess similar surface
zone in the crystal growth front. We speculate that specifically nucleation rates at the samaeTl, the slower diffusion makes
in the DL process the wetting layer in the depletion zone may the HPEO crystal growth in the thin wetting layer follow the
even not be continuous, and the mica surface may not beDL mechanism. However, the quantitative issues still remain
molecularly covered. Instead, the HPEO molecules within the for further investigation.
zone may form a “2D solution”. In this sense, the depletion  Mechanism Change from NL to DL Single-Crystal Growth
zone can also be considered the precursor of the wettingin MHPEO Thin Layers. We have also observed that the
layer#748 We may use the&Cs to describe the diffusion field,  single-crystal growth of the MHPEO can change its growth
which is the lowest at the crystal front and gradually increases mechanism from the NL to the DL process as thé& is
until the depletion zone ends at the normal wetting layer (Figure. increased. Figure 7 shows a set of AFM snapshots for the IF(0)
6b). With this illustration, the DL process can be understood to crystal of the MHPEO grown &ty = 60 °C (AT = 4.5 °C).
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Figure 7. Set of AFM snapshots (height images) for the MHPEO crystallized &68at different times of (a) 21.5, (b) 64.1, (c) 106.8, and (d)

a
c
247.6 min.
010
4 008
— E
g o006 E
2 g
: {004
o
4 002
0.0 a8 4 16000
0 50 100 150 200 250 300
t- 1, (min)

Figure 8. Growing crystal size — rq (r, indexed in Figure 7d) of
MHPEO at 60°C vs timet — to, wheretp is 21.5 min when the (100)
plane can be recognized anglis the half distance between the two
(100) planes measured &t The growth rateGig0 Was calculated by
Ar/At %tstimet. The solid line represents the theoretical prediction of
G~ 795

The IF(0) crystals with round shape grow initially, but after

theoretical prediction o6 ~ t =05 (the solid line in Figure 8).
Comparing the AFM results presented in Figure 7 with those
in Figure 2, it is intriguing that only a slight decrease of e
from 62 to 60°C can lead to the growth mechanism change
from the NL to the DL process. Such a small temperature
variation hardly changes the diffusion of the MHPEO molecules.
However, the surface nucleation barrier of the MHPEO, which
is stronglyAT-dependent, decreases significantly with increasing
AT in the temperature range close Te(0). This causes the
surface nucleation rate to become faster compared with the
diffusion rate afTx = 60 °C.

Further increasing thé\T may lead the MHPEO crystal
growth in the pseudo-dewetted thin layers to deeply enter the
temperature region controlled by the DL mechanism. In bulk
crystallization of the low MW PEO, the lamellar thickness of
IF(n) is decreased in discrete steps with decreaSingorre-
sponding to the increase of?6-30 This phenomenon is also
observed in the PEO crystal growth in the thin layers. For the
MHPEO sample, the IF(1) and IF(2) crystals formed at’64
< Tx < 59°C and at 42C < Tx < 54 °C, respectively. We

21.5 min, a pair of the (100) planes appears whereas the otheffind that the increase afi does not alter the DL mechanism.

growth fronts remain rounded. This morphological evolution

When AT is increased, the surface nucleation barrier cor-

is different from those shown in Figure 2 for the same sample respondingly decreases. This results in the crystal growth fronts

crystallized aflx = 62 °C. More importantly, the lateral growth
size,r, of the IF(0) crystal is found to be linearly proportional
to t05, indicating that the crystal growth mechanism follows a
DL rather than an NL process.

When we analyze the growth rate along the [100] direction,

we plot ther — rg [r is the half distance between the two (100)

becoming increasingly rough so that the crystalline branches
start to be generated. Parts a and b of Figure 9 show the AFM
images for the IF(1) and IF(2) crystals of the MHPEO
crystallized at 55 and 5TC, respectively. In these AFM images,
the center portions of the crystals are the IF(0) crystals as seeds
remaining in the melt droplets after the self-seeding process.

planes indexed in Figure 7d] and the calculated growth rate, For crystal growth at these twk, values, theV of the crystals

G100 Change witht — to in Figure 8, wherdg is chosen to be
21.5 min when the (100) planes can be recognizedrgigithe
size measured ab. Although theGiq values are relatively
scattered, the tendency of tkB&oo decrease with follows the

was found to be linearly proportional toAs shown in Figure

9a atTy of 55 °C, some crystals, although they look similar to
that in Figure 7, actually have their (100) plane no longer
crystallographically flat (pointed by the arrows in Figure 9a as
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Figure 9. Two AFM images of the MHPEO crystallized at 55 (a) and
50 °C (b), corresponding to the IF(1) and IF(2) crystals, respectively.
The arrows in (a) point the curvature on (100) planes.

examples). This implies the birth of morphological instability.
At Ty = 50 °C, as shown in Figure 9b, the morphological
instability becomes evident, wherein the crystal periphery of
the IF(2) crystal is branched.

When we further decreaséd, the MHPEO crystals became
fractal dendrites, which could be understood by the DLA

Pseudo-Dewetted PEO Thin Layerd577

of the facetted single crystal follows(] t, whereas for the DL
process in this quasi-2D circumstance, the lateral growthrsize
00 t05 (v O t) when the crystal is more or less round in shape.
The changes in the end-group chemistry of the PEO molecules
and AT have been observed to effectively switch the growth
mechanisms between the NL and the DL processes. Because
the HPEO molecule has tweOH ends that interact with the
hydrophilic mica surface, the retarded diffusion of the molecule
through the wetting layer results in the DL process. For the
MHPEO sample, the NL process is observed at very folv

(AT < 4 °C). IncreasingAT effectively decreases the surface
nucleation barrier and thus increases the crystal growth rate,
leading to the change from the NL to DL process in crystal
growth. Further increasindT does not alter the DL growth
mechanism, yet the morphological instability sets in to form
branched crystal morphologies.
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