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ABSTRACT: We have characterized the structure, molecular orientation, and crystallization kinetics of
isothermally crystallized thin (film thickness d < 500 nm) and ultrathin films (d < 100 nm) of poly-
(ethylene oxides) on oxidized silicon substrates by a combination of microscopic and spectroscopic methods.
In situ hot stage atomic force microscopy (AFM) reveals a preferred flat-on orientation of lamellar crystals
in films thinner than ca. 300 nm. The mean orientation of the polymer molecules, as measured by
transmission and grazing angle reflection FT-IR spectroscopy, fully agrees with the preferred orientation
of the PEO helices parallel to the surface-normal direction, as inferred from the AFM data. In addition
to a strong film thickness dependence of this preferred chain orientation, the FT-IR data indicate that
the degree of crystallinity decreases steadily when the film thickness becomes smaller than ~200 nm.
The local environment of pyrene end-labels in derivatized PEO was characterized by steady-state
fluorescence spectroscopy, and the excimer/monomer emission ratio was found to be very sensitive to
both film thickness and crystallization temperature. The latter relationship could be described by an
Arrhenius equation and yielded an excimer-forming-site energy of 17 & 2 kJ/mol. Finally, the isothermal
crystallization of PEO in ultrathin films was followed spectroscopically in situ. Both fluorescence and
FT-IR spectroscopy indicated that the crystallization kinetics are progressively slowed down for decreasing
film thickness, presumably due to the increased glass transition temperature of ultrathin PEO films on

interactive substrates.

Introduction

Thin (<500 nm) and ultrathin films (<100 nm) of
polymers'2 are used in numerous applications and
processes, including alignment layers for liquid crystals
in displays,® photoresists for photolithography,4 bound-
ary layer lubricants in data storage applications,® sen-
sors,® and antireflection coatings.” Recently, layer-by-
layer deposited polyelectrolyte thin films® have been
utilized to fabricate versatile functional micro- and
nanocapsules, which possess considerable potential for
applications in many fields, including drug delivery.®
The physical behavior of polymers in confinement, such
as in ultrathin films,2 block copolymers,1°~12 or nano-
composites,? may differ considerably from the behavior
observed in the bulk. Depending on the thickness of
ultrathin films, the glass transition temperature,4-2!
crystallization kinetics and degree of crystallinity,22-24
phase behavior,?526 morphology,?” permeability,?® elec-
trical properties,?°® moisture absorption,3 or dewetting3!
may be altered. Recent experimental results by Kraus
et al.32 showed a significant distortion of the chain
conformation by diffuse neutron scattering. These ob-
servations are supported by simulations that suggest
disturbed single chain properties for polymer molecules
near a wall in the melt.33 Parallel to the surface, the
conformation of the macromolecules in ultrathin films
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is retained according to small-angle neutron scattering
data obtained by Jones et al.3*

Much attention in the study of ultrathin polymer films
has been focused on glassy polymers and in particular
on the changes in glass transition temperature T4 with
film thickness. Following the first report of a T4 depres-
sion observed by ellipsometry in ultrathin films of
polystyrene on hydrogen-terminated silicon by Keddie
et al.,»* many different systems have been investi-
gated.*~21 The interpretation of the observed effects and
the formulation of a unifying theory have been compli-
cated by contradictory results on nominally the same
polymer/substrate combinations.3® Nevertheless, there
seems to be evidence in the recent literature that Ty of
substrate-supported ultrathin polymer films can either
increase as a result of attractive interfacial interactions
or decrease as a result of repulsive interfacial interac-
tions.36

In addition to changes in glass transition tempera-
tures, the confinement into ultrathin films has been
reported to affect diffusion of the polymer molecules
comprising the film37~4! as well as diffusion of small,
low-molar-mass tracer molecules.354243 These effects
have sometimes been observed for film thicknesses up
to several hundred nanometers, while the changes in
Ty are of much shorter range (typically tens of nanom-
eters).

The crystallization of polymers in confined geometries
or constrained environments has also received consider-
able attention in recent years.222-2444-46 Since the Ty
and molecular mobility of polymers in ultrathin films
can be substantially altered due to interfacial inter-
actions, 147213741 transport of polymer molecules to the
growth front of a crystallizing polymer lamella is
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expected to be affected.#” This may lead to changes in
the crystallization kinetics??~2* and potentially to changes
in morphology if a competing, but kinetically unfavor-
able, process becomes dominating as a result of the
reduced effective diffusion coefficient. In block copoly-
mers the crystallization of poly(ethylene oxide) blocks
was found to be affected by the confinement between
glassy blocks of polystyrene,'* while in nanocomposites
the collectivity of macromolecular motions and the
corresponding relaxation behavior can be altered due
to isolation of polymer chains.*®

For ultrathin films of poly(di-n-hexylsilanes) on glass
and quartz substrates, our group has shown that the
crystallization kinetics and the degree of crystallinity
are strong functions of film thickness.22223 The growth
rates were fitted to the Avrami equation,*® and the
Avrami exponent n was found to depend on both the
film thickness d and crystallization temperature T;.2:22
In particular, the transition from 3-D bulk crystalliza-
tion to 1-D growth at high T, and low film thicknesses
clearly showed that confinement into ultrathin films can
substantially alter the crystallization behavior.

In addition, the orientation of the poly(di-n-hexyl-
silane) molecules depended on film thickness. Such an
existence of an energetically preferred orientation can
be expected to affect the crystallization process of the
polymer. For example, the poly(di-n-hexylsilane) back-
bones are oriented preferentially in the plane of the film.
Similar interfacial effects are also present for self-
assembled thin film blends of poly(ethylene oxide) and
poly(methyl methacrylate) on glass,* layers of high-
density polyethylene on calcite and rubber,*> nylon-6 on
rubber,5! or polyimide on silicon.52 In our studies on
ultrathin films of polypropylenes,335* as well as poly-
(ethylene oxides) (PEO)®2 on oxidized silicon substrates,
we have seen evidence for similar preferred orientations.
While polypropylene crystallized with lamellae in edge-
on orientation, i.e., with the polymer chain axis in the
plane of the film, for essentially all film thicknesses, the
PEO lamellae showed an interesting film thickness
dependent morphology.

This paper is a first in a series in which we address
the crystallization behavior of poly(ethylene oxide) in
ultrathin films on oxidized silicon substrates.>35%5¢ PEQO
is a particularly well-suited model system for the
investigation of crystallization of polymers, and a large
body of literature on bulk crystallization is available.5’
PEO usually crystallizes in a monoclinic phase where
the polymer chains adopt a 7/, helix.8 Stretching of the
polymer results in a planar zigzag conformation with a
triclinic crystal structure.®® In this first paper we report
on the infrared and fluorescence spectroscopic charac-
terization of the film structure and crystallization
kinetics of spin-coated films of PEO and pyrene end-
labeled PEO on oxidized silicon. A more detailed quan-
titative study of the crystallization Kinetics by means
of in situ hot stage AFM®° and fitting of the growth rate
data based on the Hoffman—Lauritzen theory*”:55 will
be presented in a companion paper.5¢

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)),5* 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
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of PEO were prepared by spin-coating filtered (Millex-G PTFE
filters, 0.20 um, Millipore, Bedford, MA) solutions of PEO in
chloroform with concentrations between 1.0 and 50.0 mg/mL
onto argon-plasma-cleaned (March Plasmod, March Instru-
ments, Concord, CA) single-side or double-side polished silicon
wafers using a model CB15 spin-coater (Headway Research,
Garland, TX) at 3300 rpm for 1 min. The static contact angles
measured with water on the bare substrates were <5°. After
the film preparation, the films were dried for at least 24 h in
a vacuum. Thicknesses were determined by ellipsometry
(Gaertner L 166C, Skokie, IL; wavelength 632.8 nm, 70° angle
of incidence, polarizer set to 45°) assuming the refractive index
n¢ to be 1.454 and additionally by profilometry using AFM. A
well-defined thermal history for samples investigated system-
atically by FT-IR and fluorescence spectroscopy was ensured
by melting samples at 75 °C on a custom-built hot stage (based
on a model PC-600 hotstage, Corning, Acton, MA) equipped
with a temperature controller (CSS-8094 Omega, Stamford,
CT) in an argon atmosphere. After melting, the samples were
crystallized isothermally to completion under argon and
quenched to room temperature. To ensure a consistent thermal
history, all samples with a given thermal history were
prepared simultaneously.

FT-IR Spectroscopy (FT-IR). The FT-IR data were ob-
tained on a BIO-RAD FTS-60A FT-IR spectrometer operated
in transmission mode (DTGS detector) and a Perkin-Elmer
Spectrum 2000 FT-IR operated in grazing incidence reflection
(GIR) mode (liquid nitrogen cooled MCT detector) using a
Graseby Specac GIR accessory (angle of 75° with respect to
surface-normal direction, p-polarization). The FT-IR spectrom-
eters were purged continuously with dried air. A total of 512—
1024 scans were collected with a resolution of 2 or 4 cm~* and
ratioed against the previously collected background spectrum.
The bulk spectra were recorded in transmission mode using a
thick film (d > 20 um) of PEO supported on a silicon wafer.
The Kinetic data were acquired using a home-built heating
stage (connected to a Cole Parmer EW-02155-56 temperature
controller, Cole Parmer, Vernon Hills, IL) and the Perkin-
Elmer “Timebase” software package. Thirty-two or 64 scans
were averaged per spectrum. The fastest sampling time was
36 s per data point.

Steady-State Fluorescence Spectroscopy. Steady-state
fluorescence emission spectra were collected with a Edinburgh
Instruments CD900 spectrometer and a 500 W xenon lamp in
front-face illumination geometry.? To avoid photooxidation of
the pyrene moieties, the sample chamber was purged with
high-purity argon. The excitation wavelength e was set to
343 nm, emission spectra were collected between 360 and 650
nm using slit widths between 0.5 and 1.5 mm, and sampling
times were 0.5—1.0 s. Spectra were acquired at three different
locations of each sample. For kinetic experiments, the fluo-
rescence emission intensity of the excimer was measured at
480 Nnm (Aexc = 343 nm) using slit widths of up to 3.5 mm. For
the in situ measurements of the crystallization kinetics, a
similar heating stage as for the FT-IR experiments was used.
All the spectra shown here were baseline corrected.

Atomic Force Microscopy (AFM). The AFM data shown
here were acquired with a NanoScope Il multimode AFM
operated in tapping mode (Digital Instruments (DI), Santa
Barbara, CA) using microfabricated silicon tips/cantilevers
(Nanosensors, Wetzlar, Germany). AFM images were captured
in ambient atmosphere (ca. 30% relative humidity, 24 °C
temperature®®) or 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 ~0.9 for measurements at
room temperature and a set point ratio of 0.6—0.7 for hot stage
work. All images were subjected to a first-order plane-fitting
procedure to compensate for sample tilt. The home-built AFM
hot stage is based on a dc powered Peltier element attached
to a machined Teflon spacer (for details see ref 55b). On top
of the Peltier element a small thermocouple was attached to
monitor the surface temperature, which was additionally
calibrated against the melting points of a series of n-alkanoic
acids.%® For the determination of the film thicknesses by
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Figure 1. TM-AFM phase images of PEOpy-49 films with various thicknesses on oxidized silicon (images were acquired in situ
at ca. 57 °C): thickness of ca. 2.5 um (left) and 110 nm (right). In both films the featureless areas correspond to the polymer melt,

which has not yet crystallized.

profilometry, the film was removed by scratching the samples
using sharp tweezers (width of scratch between 15 and 30 um).
AFM height images measured in tapping mode (TM) as well
as contact mode (using V-shaped SisN4 cantilevers (DI) with
a nominal spring constant of ~0.3 N/m) were subjected to a
first-order plane fit followed by a cross-section analysis. An
accurate calibration of the AFM scanner in the z-direction was
ensured by using a set of three vertical calibration standards
(TGZ 01-03) with step heights of 25, 104, and 515 nm,
respectively (Silicon-MDT, Moscow, Russia, purchased from
K-TEK International, Portland, OR).

Results

Atomic Force Microscopy. The morphology of spin-
coated and subsequently isothermally recrystallized
PEO films on oxidized silicon surfaces depends critically
on film thickness (Figure 1). For PEO films with
thicknesses of ca. 1 um and thicker, crystallization
occurs preferentially in the form of edge-on lamellar
crystals (Figure 1, left),%* whereas thinner films show
predominantly flat-on lamellae (Figure 1, right). Note
the numerous well-developed growth spirals in the right
image, which are due to screw dislocations.®® Films
thinner than 300 nm crystallize exclusively in the form
of flat-on lamellae that possess various inclination
angles with respect to the film surface. With decreasing
film thickness, the angles decrease until eventually at
10—20 nm thickness, depending on the crystallization
temperature, the lamellae become thicker than the
original average film thickness. Lamellae for these very
thin films lie exactly in the plane of the film. Films
thinner than 15 nm tend to break up and crystallize
with a dendritic habit (see Figure S1 of Supporting
Information). We have seen no qualitative differences
among the different PEO and PEOpy materials studied.
The flat-on orientation in films thinner than 300 nm
seems to be energetically favorable since intentionally
nucleated edge-on lamellar crystals rotate into the plane
of the film and continue to grow as flat-on lamellae. This
process can be followed in real-time by hot stage
AFM.550¢ The final morphology of such a film is shown
in Figure 2. Edge-on lamellae oriented in perpendicular

direction occur in the central region, while the outer
regions consist of flat-on lamellae. These observations
were made consistently for crystallization temperatures
between ca. 47 and 61 °C.

The AFM observations imply a preferred orientation
of the polymer chain axis along the surface-normal
direction for lamellae grown at the surface of films
thinner than 300 nm. With decreasing film thicknesses,
the orientational preference becomes qualitatively more
pronounced because the tilt angles of the lamellae
decrease. While it is in principle possible to determine
the orientation of the PEO lamellae quantitatively by
image analysis, this information would only characterize
the polymer—air interface of the film. The measured
lamellar thicknesses of these films are between ca. 10
and 20 nm, depending on the crystallization tempera-
ture.5®b¢ Thus, spectroscopic methods are needed in
order to characterize the mean orientation of all the
molecules in the films completely (vide infra).

FT-IR Spectroscopy. The preferred orientation of
lamellar crystals in thin and ultrathin films of PEO on
oxidized silicon substrates was interrogated by infrared
spectroscopy. By comparing transmission mode and (p-
polarized) GIR FT-IR spectra, the dipole transmission
moments in the plane of the film and perpendicular to
the plane of the film, respectively, can be analyzed
separately. The complete band assignment for the
observed vibrational transitions can be made on the
basis of the classic analysis by Yoshihara et al.6¢ and
the thin film work by Hoffman and Rabolt.5° The
conformation of PEO in the solid state can be described
as a ’/, helix. Analysis of the symmetry shows that
vibrational transitions are polarized either parallel or
perpendicular to the helical axis; thus, the vibrational
spectra yield rich orientational information.®

Typical bulk transmission, thin film transmission,
and GIR FT-IR spectra for PEOpy-49 crystallized
isothermally at 47 °C are compared in Figure 3. The
transmission FT-IR spectrum of the bulk sample is
indistinguishable from the bulk spectra reported in the
literature and, hence, represents an isotropic sample.
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Figure 2. TM-AFM height image of a 128 nm thick PEO-100 film on oxidized silicon acquired at room temperature after completion
of crystallization at ca. 57 °C. The lamellae were nucleated by dragging the tip through the melt along a horizontal line with a

length of 15 um.
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Figure 3. Transmission FT-IR spectrum of bulk sample
compared with transmission and GIR (p polarized) FT-IR

spectra of PEOpy-49 thin films on oxidized silicon (all samples
were crystallized isothermally at 47 °C).

Important modes are the C—O stretching vibration at
ca. 1107—1120 cm™1, the CH; twisting vibrations at
1278 and 1240 cm™1, the CH, wagging motion at 1360
and 1344 cm™1, the CH, rocking vibration at 966 and
947 cm~1, and the combination bands at 1060 cm™!
(»(CO) + r(CHy) + v»(CC)) and at 843 cm™1 (r(CH,) +
»(COC)). Many bands in the GIR FT-IR spectra have
negative absorbance, which is well-known for GIR FT-
IR spectra on nonmetallic surfaces. However, without
guantitative modeling of the IR spectra, a quantitative
analysis of the absorbances and calculation of molecular
orientation is not possible.6” The complete band assign-
ment and the polarization of the vibrations with respect
to the helix axis are summarized in Table 1.

The wagging (1360, 1344 cm™1) and rocking (966, 947
cm~1) modes as well as the combination band at 843
cm~! are very sensitive to conformational order, while
the (CHy) twist (1281, 1243 cm™1) and the bands at ca.
1120 and 1107 cm™1! are not sensitive.%®

A comparison of the spectral bands of the thin film
spectra with the isotropic bulk spectrum shown in

Figure 3 indicates that for the thin film sample the
vibrations that are polarized perpendicular to the helix
axis of PEO possess strong absorbance in the transmis-
sion spectra but weak absorbance in the GIR spectra.
Likewise, the bands with parallel polarization with
respect to the helix axis are weak in the thin film
transmission spectra and strong in the GIR spectra.®®
On the basis of the mutually perpendicular orientation
of the electric field vector for transmission vs grazing
angle (with p-polarized light) modes, we conclude that
the PEO helices are oriented preferentially along the
surface-normal direction in thin films. This result is
fully consistent with the orientation of lamellar crystals
at the surface of the PEO films as imaged by tapping
mode AFM (vide supra); i.e., the orientation of the PEO
helices as determined from the lamellar crystals at the
film surface and the molecular orientation in the “bulk”
of the film are qualitatively very similar.

Figure 4 shows typical GIR FT-IR spectra of PEOpy-
49 films of different thicknesses crystallized iso-
thermally at 40 °C. Among others, the methylene
wagging and twisting bands with perpendicular polar-
ization with respect to the helix axis (see Table 1) show
reduced absorbance relative to parallel polarized bands
as film thickness decreases. This observation indicates
that the preferential orientation depends on film thick-
ness.

The effect of film thickness on polymer chain orienta-
tion was assessed more quantitatively by analyzing the
absorbance of the bands at ca. 1240 and 1278 cm™1 in
GIR FT-IR spectra of PEOpy-49. These transitions are
polarized parallel to the helix axis and perpendicular
to the helix axis, respectively, and are insensitive to the
conformational order.58 The ratio of these absorbances
provides a measure for the orientation, as shown in
Figure 5. For isothermal crystallization temperatures
of 40, 44, and 47 °C, the polymer chains are preferen-
tially oriented along the surface-normal direction. The
preference depends strongly on film thickness, but it
does not seem to depend significantly on the crystal-
lization temperature in this range.”
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Table 1. Band Assignment and Polarization of Relevant IR Transitions Observed in Crystallized PEO Films

band assignment polarization (with

wavenumber

(refs 50, 66)2 respect to helix axis)?

[cm~1] (ref 66)

W(CH,) O 1358
W(CHy) I 1342
t(CH,) O 1278
t(CHy) I 1240
»(CO) O 1147
»(CO) O 1116
»(CO) Il 1103
»(CO) + r(CHy) +»(CC) O 1060
r(CHz) + »(CHy) I 958
r(CH,) + »(CC) O 947
r(CH2) + »(CO) O 844

wavenumber transmission wavenumber GIR (p-pol)
mode [cm~1] (this study) [cm~1] (this study)

1359 1360

1343 1344

1279 1281

1241 1243

1146 1150

1115 1120

c 1107

1062 1062

961 966

946 947

843 843

ay = stretch, r = rock, w = wag, t = twist. ® 0 and || denote perpendicular polarization and parallel polarization, respectively, with

respect to the helix axis of PEO. ¢ Not resolved.
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Figure 4. GIR FT-IR spectra (p-polarized) of PEOpy-49 films
on oxidized silicon with different thicknesses crystallized
isothermally at 40 °C.
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Figure 5. Ratio of integrated absorbance at ca. 1240 cm™! to
that at ca. 1278 cm™! in GIR FT-IR spectra as a function of

film thickness for PEOpy-49 films on oxidized silicon crystal-
lized isothermally at different temperatures.

In addition, we found that the degree of crystallinity
decreases with decreasing film thickness. As mentioned
above, the band at ca. 843 cmm~1, for instance, is sensitive
to the conformational order, while the strong band at
ca. 1120 cm™! is insensitive.®® Both bands correspond
to transitions having perpendicular polarization with
respect to the helix axis. Thus, by normalizing the FT-
IR spectra to the absorbance at ca. 1120 cm™!, the
dependence of conformational order on film thickness
can be assessed. Since this cannot be easily translated
into percent crystallinity, the result is only qualitative.
From the plot of the relative absorbance of the band at

o o o =

~ [e ] © o

TP N T
1

A(843cm™) /A (1120 cm™)
o o
[¢,] (o>}
1 |
L 1

o
IS
1
L

0 50 100 150 200
Film thickness [nm]

Figure 6. Absorbance at ca. 843 cm™ (normalized to the

absorbance at ca. 1120 cm™) as a function of film thickness

estimated from GIR FT-IR spectra of different films of PEOpy-

49 on oxidized silicon crystallized isothermally at 40 °C.

843 cm~! (Figure 6) it is evident, however, that the
conformational order decreases with decreasing film
thickness. A comparable decrease in degree of crystal-
linity has been reported for ultrathin films of poly(di-
n-hexylsilane)??223 and for the confined crystallization
of PEO in organic networks.”*

Steady-State Fluorescence Spectroscopy. The
film structure of the pyrene end-labeled ultrathin films
can be characterized and further compared to thicker
films using steady-state fluorescence spectroscopy. The
ratio of excimer to monomer fluorescence of the pyrene
labels yields interesting insights into the clustering of
the end groups.”?>73 The fluorescence data discussed in
this paper will exclusively deal with films made of
PEOpy-49.7

In Figure 7 we have plotted the normalized steady-
state fluorescence emission spectra of a 190 nm thin film
of PEOpy-49 that has been crystallized isothermally at
different temperatures. The spectra, which were ac-
quired at room temperature, have been normalized to
the most intense monomeric emission band located at
378 nm. The broad emission with a maximum at ca. 480
nm corresponds to the excimer emission. On the basis
of the data shown in Figure 7, it is obvious that the
excimer-to-monomer emission intensity ratio is sensitive
to the differences in film structure owing to different
crystallization temperatures. In addition, the excimer-
to-monomer ratio also decreases with decreasing film
thickness (Figure S3 of Supporting Information). This
decrease is attributed to a dilution of the pyrene
moieties in the increased fraction of amorphous phase
present in the thinner films.



Macromolecules, Vol. 36, No. 4, 2003

10}
08} 51°C
I 48°C
o6l 37°C
23°C

Normalized intensity
o
N

o
N

o
o

Emission wavelength & __[nm]

Figure 7. Normalized steady-state fluorescence emission
spectra of 190 nm thick film of PEOpy-49 on oxidized silicon
recorded at room temperature after isothermal crystallization
at the specified temperature. The spectra have been normal-
ized to the band at 378 nm, and the crystallization tempera-
tures are indicated in the order of the spectra shown.
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Figure 8. Linearized Arrhenius plots of excimer/monomer
ratios observed by steady-state fluorescence spectroscopy for
thin and ultrathin films of PEOpy-49 on oxidized silicon.

The temperature dependence can be described by an
Arrhenius equation similar to the effect of casting
temperature on excimer—monomer ratios observed by
Frank for solvent-cast films of poly(4-vinylbiphenyl).”
Analogously, we may postulate that each crystalliza-
tion temperature corresponds to particular populations
of the different environments of the chromophore in the
semicrystalline PEO matrix. An activation energy is
associated with the frozen populations of pyrene in
different amorphous and crystalline environments. In
this sense, the activation energy obtained from the
Arrhenius plot shown in Figure 8 may be understood
as an excimer-forming-site (EFS) energy. For PEOpy-
49 we find a thickness-independent activation energy
of 17 £ 2 kJ/mol. This value is of the same order of
magnitude as the EFS energies of 8 and 15 kJ/mol
observed for solution-cast films of poly(4-vinylbiphenyl)
and poly(2-vinylnaphthalene),”® respectively.

In Situ Crystallization Kinetics from FT-IR and
Fluorescence Spectroscopy. The spectroscopic in-
vestigation of the crystallization process by means of
FT-IR and fluorescence spectroscopy yields direct access
to the mean crystallization kinetics in ultrathin films.
In addition, the melting transitions can be studied.
Using FT-IR spectroscopy, we followed conformationally
sensitive vibrational bands (e.g., the (CH,) wagging
vibration at 1344 cm™1) in real time, while in the steady-
state fluorescence measurements the excimer emission
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intensity was measured in situ. Both methods show
evidence for a substantially reduced growth rate in films
thinner than ~100 nm.

Figure 9 presents the changes in the FT-IR spectra
during crystallization of a 204 nm film at 45 °C. The
increase in absorbance of the three dominant modes in
the spectral region shown, namely the (CH,) wagging
band at ca. 1344 cm™1, the (CH,) twist at 1243 cm™1,
and the C—O stretching vibration at ca. 1107—1120
cm™1, is evident. In addition, the broad band at ca. 1150
cm™1, which is typical of PEO in the melt, decreases
rapidly in absorbance. The (CH;) wagging band is
particularly useful for study of the crystallization kinet-
ics because the band is strong enough to yield suf-
ficiently accurate data for very thin films and because
there is no need for spectral deconvolution. The absorb-
ance for the melt at ca. 1344 cm™1 is negligible; thus,
this band can be exclusively attributed to the crystal-
lized fraction of PEO.58

Typical changes in the IR absorbance at 1344 cm™1
were thus used to follow the crystallization of PEO films
with different thicknesses, as shown in Figure 10. The
data have been shifted to correct for different induction
periods.

The different film thicknesses of the samples studied
are responsible for the differences in magnitude of
absorbance for the FT-IR data. Nevertheless, even
without normalizing the data to maximum conversion
of the process, the differences in kinetics are already
evident. After an induction period, the absorbance
increases before it levels off asymptotically. With de-
creasing film thickness, the crystallization takes longer
to go to completion.

The fluorescence spectra also reveal the first order
phase transition (Figure S4 of Supporting Information).
It is also evident from the slopes of the normalized
fluorescence intensity profiles shown in Figure 11 that
the crystallization rate is slower in thinner films
compared to thicker films. During crystallization, the
fluorescence emission intensity for films thicker than
ca. 50 nm decreased while for thinner films the intensity
increased. This observation may suggest that the prob-
ability of excimer formation in the melt is a function of
film thickness. However, for the measurement of crys-
tallization kinetics only differential changes are impor-
tant. Hence, the data shown in Figure 11 have been
normalized correspondingly.

In Figure 12a we plot the half-crystallization time 71/,
for various FT-IR experiments, which may serve as a
crude measure for the crystallization rate. The 7y, for
various samples as measured by fluorescence spectros-
copy are shown in Figure 12b. The half-crystallization
times depend on the crystallization temperature, which
agrees with the usual behavior of polymers at low
undercoolings. In addition to this expected dependence,
11/ varies significantly with the film thickness for all
crystallization temperatures studied. The effect of con-
finement in thin and ultrathin films is pronounced for
thicknesses below ca. 100 nm at sufficiently high
crystallization temperatures. It is striking that the 7y,
determined by FT-IR are much longer than the 71
estimated from the fluorescence spectra.

Discussion

From the combined FT-IR and fluorescence spectro-
scopic data, it is evident that the confinement of PEO
into thin and ultrathin films affects the film morphology,
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Figure 9. GIR FT-IR spectra (p-polarized) recorded at 45 °C in situ during crystallization of a 204 nm film of PEOpy-49 on

oxidized silicon.
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Figure 10. Integrated absorbance at 1344 cm™? calculated
from GIR FT-IR spectra (p-polarized) recorded in situ for

various films of PEOpy-49 on oxidized silicon during crystal-
lization at 45 °C.

the polymer chain orientation, the lamellar crystal
orientation, and the probability of finding pyrene end
groups in close proximity. The spectroscopic data also
show a pronounced decrease in crystallization rates and
degree of crystallinity for films thinner than 100 nm.

The analysis of the half-crystallization times indicated
that the confinement of PEO in ultrathin films slows
down the growth of lamellar crystals considerably when
film thicknesses become less than ca. 100—200 nm.
Interestingly, the 71, measured in the FT-IR spectra
was significantly longer than the half-crystallization
times deduced from the fluorescence spectroscopy ex-
periments (Figure 12). This observation can be under-
stood since the changes in the absorbance of the band
at 1344 cm~! in the FT-IR spectra correspond to the
increasing fraction of conformationally ordered PEO

T T T T T T T T T
1.0 Film thickness | 1
o 43nm
0.8+ e 88nm |
=) 4 130 nm
1L 0.6 B
= 041 1
—"0.2 .
0.01 B

0 500 1000 1500 2000 2500 3000
t[s]

Figure 11. Normalized® steady-state fluorescence emission

intensity at 480 nm measured for different films of PEOpy-49

on oxidized silicon. The data were acquired in situ at T, = 50

°C.

helices, while the variations in excimer emission inten-
sity provide information only about the proximity of the
chain ends. While the distribution of chain-end dis-
tances changes as the material crystallizes, these
changes seem to occur much more rapidly than the
increase in conformational order or crystallinity of the
PEO molecules. Thus, while the chain ends have a near-
constant mean distance, the chain segments continue
to crystallize. This observation may be related to
increasing perfection of the lamellar crystals or second-
ary crystallization of PEO confined to the interstitial
spaces between the initially grown lamellae.

Since it is not a priori clear how to convert the
measured fluorescence emission intensity changes dur-
ing crystallization to the fraction of crystallized mate-
rial, a more elaborate treatment of the crystallization
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Figure 13. Linearized Avrami plot and linear fits for various
PEOpy-49 films crystallized isothermally on oxidized silicon
at 45 °C.
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Figure 12. Plot of half-crystallization times for crystallization
of different films of PEO-py-49 on oxidized silicon at various
temperatures estimated from (a) the integrated intensity at
1344 cm™! (FT-IR) and (b) the excimer fluorescence intensity.

kinetics was attempted for the FT-IR data only. If we
assume that the absorbance observed at 1344 cm™! is
exclusively due to the absorption of infrared radiation
by the crystalline phase,®® the changes in absorbance
are to a first approximation proportional to the changes
in degree of crystallinity. The data have been fitted to
a linearized form of the following general Avrami
equation?249.76

1 — (VJV,) = exp(—Kt") Q)

where V. and V. denote the volume of crystallized
material at time t and the volume of crystallized
material at time o, respectively, K is a rate constant, t
is the time, and n is the Avrami exponent.

We have selected only the initial stages of crystal-
lization for the analysis. The linearized Avrami plots
for different film thicknesses could be fitted with sat-
isfactory results (Figure 13). The data for the thinnest
film, however, are noisy due to the limited number of
scans averaged in this kinetic experiment. While the
slopes and, hence, the Avrami exponent are very similar
for all films, the intercepts decrease with decreasing film
thickness, especially when the films are thinner than

Figure 14. Empirical fit to the rate constants obtained from
the Avrami analysis for data obtained at 45 °C.

Table 2. Avrami Exponent n and Rate Constant
Determined from in Situ FT-IR Measurements of
PEOpy-49 Crystallized in Thin Films at 45 °C

film thickness [nm] Avrami exponent rate constant K

204 3.7 6.2 x 10711
88 3.9 2.1 x 1071
42 3.6 1.9 x 10712
20 4.0 3.9 x 107+

88 nm. The data for the 204 and 88 nm are almost
identical, which suggests that the crystallization kinet-
ics, as sampled by FT-IR, are only affected markedly
for very thin films.

The dimensionality of growth for the crystallization
is not significantly affected by the confinement into
ultrathin films, as shown in Table 2. This observation
is consistent with the AFM observation of the same
lamellar morphology of the crystallized material. For
PEOpy-49 crystallized at 45 °C, an Avrami exponent n
between 3 and 4 is found, which would correspond to
either 2-D (n = 3) or 3-D (n = 4) crystallization under
thermal conditions.”®77 The rate constant, however, is
a strong function of film thickness and can be empiri-
cally described by an exponential relationship (Gnorm O
exp[—(1/d)] (Figure 14). Interestingly, a very similar
relationship is found based on in situ AFM data for
crystallization of individual lamellae from self-seeded
melts.53:55¢ Moreover, for the crystallization of PEO in
block copolymers with a lamellar morphology (lamellar
thickness of PEO block ~ 8.8 nm), it has been reported
that the Avrami rate constant was decreased consider-
ably compared to crystallization in the bulk.”®
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The crystallization rates were retarded as shown
above for thickness of ca. 100 nm and below. Similarly,
by hot stage AFM the growth rates of PEO on oxidized
silicon were found to be retarded for film thicknesses
below ca. 200 nm.55¢56 These thicknesses exceed the
radii of gyration (Ry) by many times. For the PEO
materials studied, the Ry are less than ca. 11 nm, which
means that the interface is screened for most thick-
nesses studied.”® However, the glass transition tem-
peratures*—21 and mobilities3”~4! of various polymers
in thin and ultrathin films were found to be affected
over similarly large distances.

For the crystallization of isotactic polystyrene (iPS)
in ultrathin films, Sawamura et al. observed that the
normalized growth rate is a function of (1 — constant/
d); they interpreted this result as implying a reduction
of the tube diameter for reptation of the polymer
molecules through the melt.?*a The film thickness
dependence of the lamellar growth rate found in our
studies®®%% is much stronger than reported for iPS
(Figure 14). As shown in the companion paper,3¢ the
growth rates of PEO can be successfully described by
the Hoffman—Lauritzen theory, and the depression of
the growth rates with decreasing film thickness can be
taken into account by an adjusted transport term of the
Hoffman—Lauritzen equation for the growth rate. This
adjustment is a constant offset and corresponds to an
increase of the glass transition temperature as a func-
tion of decreasing film thickness. An increase in Ty is
physically reasonable®® and would result in a slower
diffusion of polymer molecules to the growth front of
the growing lamellae. We cannot compare the iPS work
cited and our data directly, but it is likely that the
expected changes in Tq may have a different distance
dependence, leading to a different film thickness de-
pendence of the growth rate depression.

For ultrathin films of poly(di-n-hexylsilane), the
Avrami analysis yielded a nearly thickness- and tem-
perature-independent rate constant, while the dimen-
sionality of the growth (Avrami exponent n) was very
sensitive to both film thickness and crystallization
temperature.>2? Interestingly, for films thinner than 15
nm there was no detectable crystallinity. A direct com-
parison of our data on PEO with the poly(di-n-hexyl-
silane) ultrathin films is difficult since the preferred
chain orientation is completely different. While PEO
crystallizes with the polymer helices oriented along the
surface-normal direction (Figures 3—5), poly(di-n-hexyl-
silane) crystallizes with the chains oriented parallel to
the plane of the film,?23 similar to many polyolefins.53
Zhu et al. reported that the orientation of the primary
nuclei does not determine the direction of growth of PEO
in the confinement of lamellar block copolymers, but
rather that the initial stages of crystal growth determine
this direction.!! If this observation can be generalized
and chain orientation is driven by interfacial interac-
tions,*> the two limiting cases of preferential chain
orientation can be expected to lead to a distinct crystal-
lization behavior. For chain orientation along the surface-
normal direction, crystallization should remain possible
for all film thicknesses d, even if the lamellar thickness
L exceeds d. Consequently, very thin crystallized films
may rupture due to lack of material when L > d but
still crystallize in the covered areas. In fact, we have
observed by hot stage AFM that ultrathin PEO films
may crystallize with L > d and that films below 15 nm
tend to break up and crystallize with a dendritic habit

Macromolecules, Vol. 36, No. 4, 2003

(compare Figure S1 of Supporting Information).5>¢ In
addition, Reiter and Sommer showed that PEO mono-
layers can be crystallized on silicon substrates.* On the
other hand, for polymers that favor a chain orientation
in the plane of the film, the growth may be inhibited
when the film thickness decreases below a certain
threshold value that may be related to the critical size
of the nucleus. This behavior has been experimentally
verified for poly(di-n-hexylsilane).?:22.23

On the basis of the data discussed here, it becomes
clear that the morphology and structure, as well as the
average crystallization kinetics of PEO and pyrene end-
labeled PEO, are affected significantly by the confine-
ment of the material in ultrathin films. The altered
properties may be attributed to the presence of two
different interfaces. The oxidized silicon substrate pre-
sents an interactive surface, while the atmosphere (air)
may be interpreted as noninteractive surface. Interac-
tions of the polymer molecules with the interfaces
should lead to an altered glass transition temperature.®®
The glass transition temperature is coupled to the chain
mobility and hence diffusion of polymer in the melt and
therefore affects the crystallization kinetics consider-
ably. In fact, a similar observation has been reported
for blends of PEO with PMMA.58 Since we observe a
clear decrease in growth rate for crystallization in
ultrathin films as compared to thick films, this suggests
that the substrate—polymer interface dominates the
physics of the ultrathin polymer films.

Summary

Isothermally crystallized thin and ultrathin films of
poly(ethylene oxides) on oxidized silicon substrates were
characterized by a combination of in situ hot stage AFM,
multimode FT-IR, and fluorescence spectroscopy. As
shown by AFM and FT-IR, lamellar crystals grow
preferentially in flat-on orientation in films thinner than
ca. 300 nm; i.e., the helices of PEO are oriented along
the surface-normal direction. By contrast, the orienta-
tion of lamellar crystals is preferentially edge-on in films
thicker than ca. 1 um. In addition, FT-IR reveals that
the preferential orientation depends strongly on film
thickness, but not on crystallization temperature for low
undercoolings, and that the degree of crystallinity
decreases with decreasing film thickness. The excimer/
monomer ratios observed in steady-state fluorescence
emission spectra for pyrene end-labeled polymers show
a marked dependence on crystallization temperature
and film thickness. These observations can be inter-
preted in accordance with a crystallization temperature-
dependent distribution of excimer site energies and a
dilution of pyrene in the increased fraction of amorphous
phase of PEO in very thin films, respectively. The
presence of an interactive substrate surface, i.e., SiOp,
slows down the crystallization process as measured by
FT-IR and fluorescence spectroscopy in situ. The FT-
IR spectroscopic results agree well with in situ hot stage
AFM data reported in a separate paper.
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the low probability to nucleate crystals at higher tempera-

(78)

(79)

(80)
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tures in unseeded melts, it is difficult to study a broad range
of crystallization temperatures by FT-IR.

For these block copolymers the dimensionality of the growth
was also a function of crystallization temperature; see ref 11.

Ry values were calculated from the weight-average molecular
weight My, according to eq 2: Ry = 0.0304+/M,, (in nm). This
relation is based on SANS results for PEO with M,y = 27 kg/
mol that yielded Ry = 5 nm (Annis, B. K.; Kim, M.-H.;
Wignall, G. D.; Borodin, O.; Smith, G. D. Macromolecules
2000, 33, 7544). For PEO-100, PEOpy-49, PEOpy-29, and
PEOpy-11 we obtained Rq values of 10.8, 7.6, 5.8, and 3.5
nm, respectively.

Because of instrumental limitations we can follow the
fluorescence intensity at a single emission wavelength only.
Thus, it was impossible to acquire simultaneously the
monomer and excimer emission intensities during crystal-
lization. The data shown in Figure 11 represent the changes
in excimer emission intensity during the crystallization of the
PEO film. During crystallization the monomer emission
intensity also decreases or increases depending on film
thickness. Any of these changes in emission intensity must
be related to the crystallization process since we crystallize
under isothermal conditions. Hence, these changes may serve
as an independent means to characterize the effect of
confinement on the crystallization kinetics.
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