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ABSTRACT: We report on the isothermal crystallization behavior of thin (film thickness d < 500 nm)
and ultrathin (d < 100 nm) films of poly(ethylene oxide) (PEO), as well as pyrene end-labeled PEO, on
native silicon studied by in situ hot stage atomic force microscopy (AFM). Individual lamellae were imaged
during crystallization and melting. Using AFM, we have directly measured lamellar growth rates, lamellar
thicknesses, and melting ranges as a function of film thickness (ca. 15—>500 nm), crystallization
temperature (40—62 °C), and molar mass (11—100 kg/mol). On the basis of the Hoffman—Weeks
extrapolation, the Gibbs—Thomson equation, and the Hoffman—Lauritzen theory, we show that the
crystallization of PEO in thin and ultrathin films can be described with the same laws as the bulk
crystallization. In addition, we find that the equilibrium melting points and surface free energies of the
fold surfaces agree quantitatively with literature data for bulk crystallization and hence are not altered
due to confinement in ultrathin films. However, there is a monotonic decrease of lamellar growth rates
with decreasing film thickness for films thinner than ca. 250 nm. The growth rates decrease to below 1%
of their bulk value in the thinnest films; this is attributed to an increase in glass transition temperature
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of up to 30 °C for the confined PEO and the concomitant reduction of molecular mobility.

Introduction

The confinement of polymers in ultrathin films (thick-
ness < 100 nm),%2 block copolymers, or nanocomposites
is known to significantly alter numerous physical
properties, such as glass transition temperature,-1!
molecular mobility,1216 diffusion of small, low molar
mass tracer molecules,”18 phase behavior and morphol-
ogy,®~2! permeability,?2 moisture absorption,? electrical
properties,?* molecular orientations,225-28 film stability,
and dewetting.2®

In particular, the crystallization of polymers in con-
fined geometries has attracted widespread interest in
recent years.2272830-33 Gimilar to the altered glass
transition temperatures of amorphous polymers in
ultrathin films, the crystallization behavior observed in
ultrathin films and block copolymer domains often
differs significantly from the behavior found for the
bulk. For instance, a preferred chain orientation, re-
tarded lamellar growth rates, and lower degrees of
crystallinity were observed in ultrathin films of various
polymers. These effects were attributed to the presence
of the two interfaces of the film with the substrate and
the atmosphere. In block copolymers, the crystallization
kinetics of poly(ethylene oxide) blocks confined to ~8
nm lamellar spaces was found to be substantially slowed
by the confinement between glassy blocks of PS.3!

Sawamura et al. have reported that lamellar crystals
grown isothermally in ultrathin films of isotactic poly-
styrene (iPS) on glass and carbon-coated substrates
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show significantly reduced growth rates compared to
those of thicker films.3%2 The dependence of the normal-
ized growth rate Gnorm 0On film thickness d was shown
by these authors to follow a Gporm = (1 — constant/d)
relationship. The constant was independent of crystal-
lization temperature, molar mass of the polymer, and
substrate material and was interpreted as the reptation
tube diameter. The decrease in lamellar growth rate
with decreasing film thickness was attributed to a
reduction of the tube diameter near the substrate.

In our group ultrathin films of poly(di-n-hexylsilanes)
on glass and quartz substrates have been investigated
extensively.227.28 Using UV absorption spectroscopy, we
have shown that the molecular orientation, the crystal-
lization kinetics, and the degree of crystallinity are
strong functions of film thickness. The growth rates for
isothermal crystallization were successfully fitted to the
Avrami equation.3* In particular, the transition from
3-D bulk crystallization to 1-D growth at high T. and
low film thicknesses and the absence of any detectable
crystallinity for films thinner than 15 nm clearly showed
that confinement into ultrathin films can substantially
alter the crystallization behavior.2:28

As we have reported in a companion paper,3® polar-
ized infrared and fluorescence spectroscopic investiga-
tions on thin and ultrathin films of various poly(ethylene
oxides) (PEO) on oxidized silicon showed that the
polymer helices are preferentially oriented along the
surface-normal direction in thin and ultrathin films. In
addition, the crystallization rates were significantly
reduced for films with thicknesses below ca. 100 nm.36

Here we report on the isothermal crystallization
behavior of ultrathin films of PEO, as well as pyrene
end-labeled PEO, on native oxide-covered silicon by hot
stage AFM.37-40 The lamellar growth rates, lamellar
thicknesses, and melting ranges were systematically
measured in situ on the level of single lamellae as a
function of film thickness, crystallization temperature,
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Figure 1. Sequence of TM-AFM amplitude images acquired at 53 °C on a film of PEOpy-49 on oxidized silicon (film thickness
d ~ 2.5 um). The arrow points to an event of lamellar branching and splaying that results in the growth of a hedrite. The relative

times are indicated.

and molar mass, and the data were fitted using estab-
lished laws and theories, such as the Hoffman—Weeks
extrapolation,*142 the Gibbs—Thomson equation,*? and
the Hoffman—Lauritzen theory.*

Experimental Section

Materials and Sample Preparation. Poly(ethylene oxide)
(PEO, My, = 100 000 g/mol, Polysciences), pyrene end-labeled
PEO (PEOpy, My (relative to PS): 49 340 g/mol (Mw/M, =
2.06), 28 930 g/mol (MW/M, = 1.91), 10 800 g/mol (Mw/M, =
1.03)),*® and chloroform (Mallinckrodt) were used without
further purification. The PEO materials are denoted PEO-100,
PEOpy-49, PEOpy-29, and PEOpy-11, respectively. Thin films
of PEO were prepared by spin-coating filtered solutions of PEO
in chloroform onto argon plasma cleaned single-side or double-
side polished silicon wafers, as described in ref 35. After the
film preparation, the films were dried for at least 24 h in a
vacuum. Thicknesses were determined by ellipsometry and by
AFM profilometry.3

Tapping Mode Atomic Force Microscopy (TM-AFM).
The TM-AFM data were acquired with a NanoScope 111
multimode AFM operated in tapping mode (Digital Instru-
ments (DI), Santa Barbara, CA) using microfabricated silicon
tips/cantilevers (Nanosensors, Wetzlar, Germany). AFM im-
ages were captured at elevated temperatures using a custom-
built hot stage (vide infra) in ambient or dry argon atmosphere.
Height, phase, and amplitude images were collected simulta-
neously using a set point ratio of 0.6—0.7; the rms amplitude
of the cantilever vibration had to be increased by a factor of
2—3 compared to measurements in air in order to achieve
stable imaging conditions. The images shown here were
subjected to a first-order plane-fitting procedure to compensate
for sample tilt and, if needed, a zeroth-order flattening. The
home-built AFM hot stage, which is based on a dc powered
Peltier element, and the temperature calibration have been
described previously.*®

Results

The morphology of isothermally crystallized PEO in
thin and ultrathin films on oxidized silicon depends on
the average film thickness. While films with thicknesses
on the order of tens of micrometers exhibit spherulitic
growth,37:38 films with thicknesses in the 15—300 nm
range show growth of individual lamellar crystals that
are exclusively viewed in flat-on projection.354045 The
latter lamellae are reminiscent of the classic work of
Kovacs et al.*6 Hot stage AFM can be conveniently used
to follow the crystallization of PEO in real time at a
lamellar level, as shown in Figures 1 and 2. In the 2.5
um thick film (Figure 1) lamellae grow preferentially
in edge-on orientation, while in the 200 nm film (Figure
2) the lamellae are found exclusively in flat-on projec-
tion.

The edge-on PEOpy-49 lamellae depicted in Figure 1
start to branch and splay apart during the crystalliza-
tion process, as indicated by the arrow. This process
would eventually lead to the formation of hedrites*” and
finally spherulites.*® In Figure 2, the growth of several
lamellar crystals in flat-on projection and the action of
growth spirals, which are caused by screw disloca-
tions,*950 at the surface of a thin film of PEOpy-49 are
shown. According to Bassett et al., the screw dislocations
can be the origin of the lamellar branching, which is
seen in orthogonal projection in Figure 1. The growth
of quasi-hexagonal lamellae in thin and ultrathin films
of PEO and pyrene end-labeled PEO was observed for
all molar masses studied.

The growth rates of these lamellae proceeded linearly
in time (Figure 3) and decreased only when lamellae
began to impinge. Thus, for the low nucleation densities
achieved by our self-seeding techniques, the growth
rates of PEO and PEOpy can be measured accurately
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Figure 2. Sequence of TM-AFM amplitude images acquired at 58 °C on a film of PEOpy-49 on oxidized silicon (film thickness
d = 200 nm). These images are frames 1, 20, 40, 60, 80, and 100 of a real-time movie of 100 images. The relative times are

indicated.
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Figure 3. Width of a PEOpy-49 lamella in a 200 nm film on
oxidized silicon as measured at 55 °C as a function of

crystallization time. These AFM data allow one to calculate
the linear lamellar growth rate from the slope.

in situ using hot stage AFM. The accessible range of
growth rates is broad enough to allow one to perform a
detailed analysis of the crystallization Kinetics (vide
infra).5! Unlike the situation for films thicker than 5—10
um, the presence of the AFM tip/cantilever close to the
film surface has a negligible effect on the surface
temperature in thin and ultrathin films.*> The observa-
tion of constant linear growth rates suggests that the
previously reported discontinuous growth of lamellae in
spherulites is caused by competition among the different
lamellae at the growth front.37—39

In Figure 4, the lamellar growth rates measured for
PEO-100 and PEOpy-49 films with different thicknesses
are summarized. The data for the lower M,, PEOpy
materials look very similar (vide infra). The dependence
of lamellar growth rates on temperature is comparable
to that for conventional polymer bulk crystallization

where the rates increase in first approximation expo-
nentially with decreasing temperature for low under-
coolings (Figure 4d). It is also obvious that the film
thickness has a substantial effect on the magnitude of
the rates.®>3640 The thinnest films show the lowest
growth rates, while the differences between the 200 nm
and the thicker films are negligible within errors. The
film thickness dependence of the normalized growth rate
for PEOpy-49 at 56 °C is shown in Figure 4c. For film
thicknesses below ca. 200—500 nm, the magnitude of
the growth rate begins to decrease markedly to a value
less than 10—15% of its bulk value for films with
thicknesses between ca. 15 and 100 nm. As shown in
Figure 4d for films with approximately the same aver-
age thickness, the growth rates at the same undercool-
ing is smaller for the higher molar mass PEO materials.
However, if one takes the accuracy of the temperature
calibration, the error in the determination of the equi-
librium melting point T,°, and the slight differences in
film thickness into account, it becomes clear that the
effect of different molar mass is small.

Lamellar thicknesses L were estimated from the pitch
of the numerous growth spirals observed in AFM images
of the PEO films, as depicted in Figure 5. A direct
measurement of the step height between melt and
lamellar crystal was not possible due an artifact: The
height image in tapping mode AFM corresponds to a
constant amplitude image. Since the melt damps the
oscillation of the cantilever much more than the lamel-
lae, the height measured in cross-sectional plots is
highly inaccurate. In fact, this artifact results in AFM
height images in which the lamellae appear depressed
(Figure 6a). We only observed elevated lamellae for film
thicknesses in which the lamellar thickness exceeds the
average film thickness (Figure 6b). It cannot be excluded
a priori that the increased density of the crystalline
lamellae with respect to the amorphous melt may cause
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Figure 4. (a) Growth rate G as a function of crystallization temperature T, for different film thicknesses of PEO-100 on oxidized
silicon. (b) G as a function of T, for different film thicknesses of PEOpy-49. (c) Growth rates of PEOpy-49 at 56 °C normalized to
the growth rate of the thickest film as a function of film thickness. (d) Logarithmic plot of growth rates of various PEO and

PEOpy films with similar thicknesses vs undercooling.

them to sink into the melt. However, our AFM images
showed that the crystals remain stationary at the film—
air interface for films thinner than 1 um and that the
lamellae are always at least partially covered with a
thin film of melt (see also Figure 6a). Further, this
observation can be corroborated by the observation of
crystallization of this thin layer in the form of lamellar
growth spirals due to screw dislocations (compare
Figure 2 and Figure 5) or in the form of radiating
lamellar crystals when the samples were more rapidly
cooled to lower temperatures. Since the AFM tip pene-
trates through a thin layer of melt on top of the
lamellae, the step height of growth spirals corresponds
to the lamellar thickness L and not the long period.
In Figure 7 we have plotted the lamellar thicknesses
for various films of the different PEO materials as a
function of inverse undercooling. In agreement with the
literature, the dependence of lamellar thicknesses on
the inverse undercooling is linear.52 The linear fits with
boundary condition L (/AT = 0) = 0 yield satisfactory
results. The data show that the lamellar thicknesses are
not significantly affected by the molar mass; in fact, the
data suggest that the lamellae for the lowest molar mass
polymer may be slightly thinner for the same inverse
undercooling. Moreover, the lamellar thicknesses do not
vary significantly with film thickness (data not shown).
As mentioned, for most thicknesses of PEO films we
have observed that the lamellae appear to be lower in
height compared to the melt. This artifact also ham-
pered the possible observation of the well-known deple-
tion zones at the growth fronts of lamellar crystals.37—3947
Only in some cases we have observed a depletion zone

in the thinnest films studied. The lamellae in the 18
nm film of PEOpy-49 depicted in Figure 6b (lower
image) possess a clear depletion zone around the
perimeter of the crystals. On the basis of this observa-
tion, we assume that a depletion zone exists for all film
thicknesses; thus, the actual film thickness at the
growth front is thinner than the mean film thickness.
For the discussion of the dependence of the lamellar
growth rate on film thickness the presence of a depletion
zone is of crucial importance, as this would lower the
actual film thickness compared to the average thickness
considerably (vide infra).

The equilibrium melting point T,° was estimated
independently by a Hoffmann—Weeks extrapolation
(Figure 8)*142 as well as a plot based on the Gibbs—
Thomson equation (eq 1, Figure 9).43

T —T°(1 209) 1
m= Im LAH @)

where T, and T,° are the melting temperature and the
equilibrium melting temperature, respectively, o de-
notes the interfacial energy of the fold surface, L is the
lamellar thickness, and AH is the heat of fusion.

The results for the equilibrium melting points as
determined by both methods are summarized in Table
1. For instance for PEO-100, both methods yield the
same result of T,> = 77 °C to within the accuracy of
the data and the extrapolation. This is an excellent
agreement with the literature data (Tm,° = 76 °C).5455
The values for the PEOpy materials are lower due to
the effect of the chain ends and polydispersity for
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Figure 5. Section analysis of TM-AFM height images ac-
quired on growth spirals on top of a fully crystallized PEO-
100 lamella in a 46 nm film on oxidized silicon (T, = 58 °C).
The vertical distances between the markers are 16.5, 14.9, and
14.9 nm.

PEOpy-49 and PEOpy-29.53 In addition, the presence
of the pyrene end groups very likely affects the degree
of perfection of the lamellar crystals for temperatures
where chain ends are partially incorporated into the
lamellar interior. Similar to the lamellar thicknesses,
the melting point data did not show a significant
dependence on film thickness (Figure 8b), which is in
contrast to a recent report by Kim et al.5455

The linear fits of the Gibbs—Thomson plot also yield
the surface free energy of the relevant fold planes oe. If
we take the limited number of data points due to the
limited number of well-developed growth spirals into
account, the comparison with the literature data shows
again a good agreement (Table 2).

The known dependencies and descriptions for lamel-
lar thicknesses, melting, and crystallization tempera-
tures for bulk samples seem to be similarly valid for
ultrathin films. The equilibrium melting points and
surface free energies of the fold planes, as shown above,
do not seem to be significantly affected by the confine-
ment of the PEO into ultrathin films. By contrast, the
growth rate data shown in Figure 4 suggest drastic
effects of the confinement on the crystallization kinetics.
To identify the possible origins for these effects and
understand the observed growth rate depression in
ultrathin films better, we have fitted the growth rate
data to the Hoffman—Lauritzen theory.** Marentette
and Brown have shown that the crystallization of PEO
in the bulk can be well described using this approach.5°

The linearized Hoffman—Lauritzen plots®¢ for the
different PEO materials are shown in Figure 10a—d for

Ultrathin Films of PEO on Oxidized Si 1203

various film thicknesses. In agreement with this poly-
mer crystallization theory, we observe a linear depend-
ence for all materials and all film thicknesses. Despite
the differences in growth rates due to confinement (vide
supra), the linearized plots according to the Hoffman—
Lauritzen theory can describe all the data. The slopes
for data acquired for the PEO-100 and PEOpy-49
materials seem to be practically invariant with the film
thickness. For the lower molar mass PEOpy materials,
we observe a possible trend to decreasing slopes with
decreasing film thickness.

The results obtained from fitting the data according
to the Hoffman—Lauritzen theory can be compared with
the data based on fits of the Gibbs—Thomson equation
(Table 2). We observe in general a favorable agreement.
There seems to be no obvious trend of the surface free
energy of the fold plane 0. as a function of film
thickness; the mean values decrease slightly with molar
mass of the polymer, which is in accordance with the
literature.*® Furthermore, the mean values (averaged
over all film thicknesses) for o, of 28, 28, 22, and 23
erg/cm? for PEO-100, PEOpy-49, PEOpy-29, and PEOpy-
11, respectively, agree very well with the literature data
on bulk crystallization as reported by Marentette and
Brown.> These authors reported a surface free energy
of the fold plane of 29 erg/cm? for PEO with a molar
mass of 100 kg/mol based on polarized optical micros-
copy measurements and stated 14, 20, and 26 erg/cm?
for PEO with molar masses of 110, 145, and 594 kg/
mol, respectively, for recalculated literature data.>® The
favorable comparison of our data to the literature shows
that hot stage AFM can indeed provide accurate quan-
titative data that may be used to extract various kinetic
and thermodynamic parameters.

Discussion

We have imaged in situ the melting and isothermal
crystallization of individual lamellae in thin and ultra-
thin films of PEO and pyrene end-labeled PEO on
oxidized silicon using hot stage AFM. On the basis of
these AFM data (lamellar thicknesses L, lamellar
growth rates G, and melting temperatures Ty,), we have
applied the Hoffman—Weeks extrapolation, the Gibbs—
Thomson equation, and the Hoffman—Lauritzen theory
and showed that we obtain reasonable values for the
equilibrium melting point and the surface free energy
of the fold surface. Except for a retarded growth rate
for decreasing average film thicknesses, we have not
observed any deviations from the conventional crystal-
lization behavior of PEO.

The retarded growth rates for ultrathin films caused
a constant offset of the linearized Hoffman—Lauritzen
plots, but the slope of the curve remains unaffected to
a first approximation (Figure 10a—d). Apparently, the
transport term of the linearized Hoffman—Lauritzen
equation does not correct appropriately for the transport
properties in ultrathin films, i.e., either the activation
energy for reptation across the melt—crystal interface
or the temperature at which molecular motion ceases
(T») was underestimated. By using appropriate values
for U* or T, all curves fall onto a single curve. As
mentioned, the melting points as measured by AFM did
not show any measurable dependence on film thickness.

If we assume that the confinement into ultrathin films
alters the glass transition temperature T4 of PEO, the
transport term can be corrected. It is physically reason-
able to assume an increase in Tg4 since the oxidized



1204 Schonherr and Frank

a

0 10.0

100.0 nm

50.0 nm

0.0 nm

Macromolecules, Vol. 36, No. 4, 2003

50.0 deg

25,0 deg

0.0 dey

20.0 50.0 nm

25.0 nM

10.0 0.0 nm

10.0

[T

Figure 6. (a) Dual TM-AFM height (left) and phase images (right) of growing PEO-100 lamella in 46 nm film on oxidized silicon
imaged at 58 °C. The top part of the lamellae is clearly covered by a featureless material which has the same phase contrast as
the melt. (b) Two TM-AFM height images acquired on 18 nm films of PEOpy-11 at 43 and 41 °C (bottom) show that the height
of the growing lamella exceeds that of the melt. On the lower image a depletion zone at the growth front is visible.

silicon provides an interactive surface. Interactive sub-
strates have been reported to lead to an increase in glass
transition temperature of supported ultrathin poly-
mer films.#~610.11 An increase in T4 would also increase
T. and hence shift the curves for thinner films toward
the curve for the thickest films. If we attribute the
altered crystallization Kinetics in the ultrathin films
exclusively to an increase in Ty and assume that the
Hoffman—Lauritzen theory is an appropriate descrip-
tion, we can extract T4 as a function of film thickness.
In Figure 11 we have plotted the corresponding values
for Tg for ultrathin films of PEO-100 and the different

PEOpy derivatives on oxidized silicon. In agreement
with work by Forrest et al.,’® the change in Ty of
supported films does not seem to be a strong function
of molar mass.

The presence of a depletion zone at the growth front
complicates the analysis of the film thickness depend-
ence considerably. Since we are unable to detect the very
likely existing depletion zones for most film thicknesses
due to an artifact in the determination of the height
differences between melt and growing lamella (vide
supra), we cannot determine the film thickness at the
growth front quantitatively. Hence, the actual film
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Figure 7. Plot of lamellar thicknesses vs inverse undercooling
for all PEO materials studied. The data were acquired by
section analysis of TM-AFM height images of growth spirals
observed on films with thicknesses between 110 and 135 nm.
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Figure 9. Gibbs—Thomson plot for all PEO materials studied

in films with thicknesses between 110 and 135 nm.

Table 1. Equilibrium Melting Points Determined by
Linear Hoffman—Weeks Extrapolation and Linear
Regression Analysis of the Gibbs—Thomson Plot

Tm® [°C]
polymer Hoffman—Weeks*142 Gibbs—Thomson*3
PEO-100 77 £2 76 £2
PEOpy-49 7342 70+2
PEOpy-29 7142 68 + 2
PEOpy-11 60 & 2 58 & 2

Table 2. Surface Free Energy of Fold Surface As
Determined by Linear Regression Analysis of the
Gibbs—Thomson Plot and Fitting of the Data Based on
the Hoffman—Lauritzen Theory

surface free energy of
fold surface oe [erg/cm?]

T, I’c
b 80 T T T T T
75 B
704 B
Oes{ g kS .
= T o 250 nm
60 - = 128 nm |
v 18nm
55 & 46 nm i
Tm = c
50 T T T T T

50

Figure 8. (a) Hoffman—Weeks plot*:#? for films of all PEO

55

60

65 70 75
T.[°C]

80

film
thickness Gibbs—Thomson Hoffman—Lauritzen
polymer [nm] fit43 fit44.55
PEO-100 250 24.8 + 4.0
128 32.6 +3.0 26.5+ 4.0
46 28.4+4.0
18 322+ 4.0
PEOpy-49 580 26.2 +4.0
200 26.9 £ 4.0
110 29.2 £ 3.0 29.3+4.0
46 27.8 +4.0
25 28.4+ 4.0
PEOpy-29 550 185+ 4.0
136 29.0 £3.0 24.0+ 4.0
38 25.1+4.0
24 19.24+ 4.0
22 21.7+£4.0
PEOpy-11 128 36.1+6.0 171+ 4.0
38 20.0 £ 4.0
20 31.54+4.0
14 249+ 4.0

materials with thicknesses between 110 and 135 nm. (b)
Hoffman—Weeks plot*#? for PEO-100 for films with variable
thickness. To within the accuracy of the experiment there is
no systematic trend of Tr, vs T¢ as a function of film thickness.

thickness at the growth front may be substantially less
than the stated average thickness, such as indicated on
the abscissa in Figure 11. Thus, the T4 values inferred
for ultrathin films of PEO from this rough analysis
cannot be a priori related to the mean film thickness.

If we plot the growth rate, normalized to the rate at
a thickness where confinement effects are very small
to nonexistent, as a function of inverse film thickness,
we obtain a much stronger dependence of the growth
rate depression with film thickness compared to the iPS
reported by Sawamura et al.3%@ Instead of a (1 —
constant/d) dependence, we find an exponential de-
pendence in the form of exp(1 — constant*/d) (Figure

12), in agreement with the Avrami analysis of FT-IR
spectroscopy data.3®

From the combined AFM, FT-IR, and fluorescence
spectroscopic data discussed in this and the companion
paper,® it is evident that the confinement of PEO into
ultrathin films affects the morphology of the films, the
orientation of the polymer chains, and the orientation
of the lamellar crystals. The presence of the substrate—
film and the film—atmosphere interface is likely re-
sponsible for the altered behavior of PEO in these
ultrathin films. However, most changes become signifi-
cant at distances that are larger and often much larger
than the perturbation of the chain conformation as
inferred by various authors (2Rg).5” For our materials,
the radii of gyration are ca. 10.8, 7.6, 5.8, and 3.5 nm
for PEO-100, PEOpy-49, PEOpy-29, and PEOpy-11,
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Figure 10. Linearized Hoffman—Lauritzen plots for crystallization of (a) PEO-100, (b) PEOpy-49, (c) PEOpy-29, and (d) PEOpy-

11 for various film thicknesses.
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Figure 11. Values for T4 derived from a correction of the
transport term of the linearized Hoffman—Lauritzen equation
vs average film thickness. The curves of PEO-100 and PEO-
11 have been shifted by addition of a constant to overlap with
the most complete data sets which were obtained for PEOpy-
49 and PEOpy-29. Note that the film thickness refers to
average film thickness; the actual film thickness at the growth
front may be substantially less due to the presence of a
depletion zone (see text). The first-order exponential has been
fitted to all data points and serves to guide the eyes.

respectively, which means that the interface is screened
for all thicknesses studied.3®

We can at this point only speculate that the same
mechanisms that cause an increase in Tg for ultrathin
films on interactive surfaces and T4 depressions on
noninteractive substrates!! also operate in the ultrathin
films of PEO studied here. Related to the postulated
increase in glass transition temperature is a decrease
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Figure 12. Normalized growth rates of PEOpy-49 as meas-
ured at different temperatures vs inverse film thickness. Note
that we observe an exponential dependence unlike Sawamura
et al., who observed a linear dependence for iPS on glass.%°

in polymer mobility, which in turn slows down the
lamellar growth rates.

Summary

We have studied the isothermal crystallization of
ultrathin films of poly(ethylene oxide) (PEO), as well
as pyrene end-labeled PEO, on native silicon using hot
stage atomic force microscopy. Lamellar growth rates,
lamellar thicknesses, and melting ranges were meas-
ured as a function of film thickness, crystallization
temperature, and molar mass. On the basis of the linear
Hoffman—Weeks extrapolation, the Gibbs—Thomson
equation, and the Hoffman—Lauritzen theory, we show
that the crystallization of PEO in thin and ultrathin
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films is governed by the same laws as the bulk crystal-
lization. The equilibrium melting points and surface free
energies of the fold surfaces agree quantitatively with
literature data for bulk crystallization. The substantial
decrease of lamellar growth rates is attributed to an
increase in glass transition temperature of PEO ul-
trathin films on silicon oxide and the concomitant
reduction of molecular mobility. This increase in glass
transition temperature is consistent with an adjustment
of the transport term in the framework of the Hoffman—
Lauritzen theory.
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