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Flat-On Lamellae in Spin-Coated, Stable Films of Poly(propylene azelate)
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Thin films (5-500 nm thick) of the linear aliphatic polyester (3,7) poly(propylene azelate) (PPAz) were prepared by
spin-coating of CHCl3 polymer solutions with different polymer concentrations. The morphology and structure of the
spin-coated thin films were investigated by atomic force microscopy (AFM) and by grazing incidence wide-angle X-ray
scattering (GIWAXS) techniques. AFM revealed the continuous nature of the flat, spherulitic films which are stable
against dewetting even for polymer coatings as thin as 15 nm. GIWAXS patterns revealed a high crystal orientation of
the films. A sharp reflection on the meridian whose spacing is related to the polymer chain unit length (c-axis) supports
the presence of flat-on lamellae morphology in the whole range of film thicknesses investigated. The flat-on lamellae
morphology is also supported by AFM images. A triclinic unit cell with the c*-axis perpendicular to the substrate is
proposed for PPAz. The repulsion of the long aliphatic spacer by the Si-substrate is invoked as the main reason for the
flat-on morphology observed.

1. Introduction

Thin polymer films introduce two-dimensional spatial confine-
ment which may affect the molecular order,1 the crystallization
behavior,2,3 themorphology,4 or even the crystalline structure5 of
the polymer. One important aspect in thin films of semicrystalline
polymers is related to the orientation of the crystalline lamellae. It
has been generally observed that thin films of several hundreds of
nanometers exhibit predominantly edge-on lamellae while ultra-
thin films exhibit flat-on lamellae. Nevertheless, there are several
factors, besides thickness,6 such as the interaction with the sub-
strate3 or the crystallization temperature4 that may control the
relative abundance of different crystalline lamellae orientations.

Aliphatic polyesters are very attractive materials because they
may combine properties of biocompatibily and biodegradablility

with other physical and chemical properties similar to those of
commodity polymers.7-9 Those aliphatic polyesters based on
propylene glycol became of growing interest because this compo-
nent is obtained from renewable sources at relatively low cost.9,10

Previously,11 we have reported on the structure and morphol-
ogy observed in spin-coated thin filmsof a series of linear aliphatic
polyesters [-O-(CH2)3-O-CO-(CH2)Y-CO-], based onpro-
pylene glycol and a dicarboxylic acid of different length (aliphatic
spacer,Y=2, 3, and 4). There, we showed that spin-coated films
thinner than ∼100 nm tend to be unstable and spontaneously
dewet at room temperature. This fact prevents the use of these
aliphatic polyesters of short aliphatic spacer (Y e 4) as stable
ultrathin films for practical use in the biomedical field.12-14
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This Article reports on the structure andmorphology observed
for the spin-coated samples of the linear aliphatic polyester (3,7)
poly(propylene azelate). A combined study by means of atomic
forcemicroscopy (AFM) and grazing incidencewide angleX-rays
scattering (GIWAXS) has revealed a clear, flat-on lamellae
morphology. The observed stability of films as thin as 15 nm
against dewetting is remarkable. According to the peak sharpness
of the 001 reflection in its azimuth direction, we can affirm that
samples of thickness e 60 nm exhibit a similar and full lamellar
orientation.

2. Experimental Section

2.1. Materials and Sample Preparation. Poly(propylene
azelate) (PPAz) is a linear aliphatic polyester with chain repeating
unit: [-O-(CH2)3-O-CO-(CH2)7-CO-]. PPAz was synthe-
sized by using the two-stage polycondensation procedure as
previously reported.9 The PPAz investigated here has amolecular
weight ofMn=36000 g/mol and a polydispersity degree of 2.5. It
is characterized by a lowmelting temperature (Tm=49 �C) and a
glass transition (Tg = -56 �C) far below room temperature.9

Thin polymer films were prepared by spin-coating a polymer
solution in chloroform (CHCl3) on silicon wafers (about 19 �
25 mm2) in the following way. First, a polymer mother solution
(40 g/L), referred hereafter as (1:0), was prepared; other less
concentrated solutions were obtained by selective dilution of the
mother solution. The following polymer solutions were prepared:
20 g/L (1:1), 13.3 g/L (1:2), 8 g/L (1:4), 4.4 g/L (1:8), 2.3 g/L (1:16),
1.2 g/L (1:32), and 0.6 g/L (1:64). Subsequently, by means of a
syringe, 0.1 mL of a given solution was instantly dropped on the
center of a silicon (100) substrate rotating at a speed of 40 Hz
(2400 rpm) for 30 s. Silicon wafers were obtained from Wafer
World, Inc. They had both surfaces polished and were used as
supplied, with a native silicon oxide surface of≈2 nm in thickness
as determined by ellipsometry,1 after cleaning with soap solution
(Procter&Gamble) and bidistilled water. The thickness of the
spin-coated films, asmeasured by ellipsometry assuming a refrac-
tive index of 1.4916, increases with the polymer concentration
used, as expected.11 The variation of film thickness due to
nonhomogeneity of samples was estimated to be 5% (Table 1).

2.2. Atomic Force Microscopy. A Nanoscope IIIA Multi-
mode microscope from Veeco operating in the taping mode was
used to investigate the surface morphology of the spin-coated
films at room temperature. AFM images with different magnifi-
cations were obtained and conveniently analyzed. Thus, height
profiles revealed sample information about the surface roughness
and some other lamellae features.

2.3. Grazing Incidence X-ray Scattering. Grazing inci-
dence small-angle X-ray scattering (GISAXS) and GIWAXS
were accomplishedbyusing synchrotron radiation at the synchro-

tron beamline BW4 of HASYLAB (Hamburg, Germany)15-17

using a wavelength λ=0.1381 nm. Amoderately focused micro-
beamwith a beam size of 20� 40 μm2 (vertical� horizontal) was
applied. A Mar CCD 165 detector (2048 � 2048 pixels) with a
pixel size of 79.1�79.1μm2wasused. ForGISAXSandGIWAXS
experiments, a sample-to-detector distance of 2.043 and 0.1856m,
respectively, was used. Calibration was done by using a standard
of silver behenate (d001 = 5.8380 nm).18 The incidence angle Ri

(0.4�) was selected to be twice the critical angle for the silicon
substrate which is larger than that for polymer materials. Both
GISAXS and GIWAXS patterns were analyzed by using the
Fit2D software.19 It is worth mentioning the lack of out-
of-meridian signals in the GISAXS patterns for all the samples
investigated. Consequently, wewill focus on theGIWAXS results
only.

3. Results and Discussion

3.1. Morphology of the Spin-Coated PPAzThin Films as

Revealed by AFM. Figure 1 shows representative AFM (height
and phase) images for samples prepared from (1:1) and (1:32)
polymer solutions. The presence of big, flat spherulites is a
common feature for the continuous coated films observed for
all the samples investigated, with the only exception of the
thinnest sample (1:64). Indeed, for the last sample, a lack of full
coverage of the substrate is observed (Figure 2b). It is worth
noticing that the presence of dark spots in the topography picture

Table 1. Polymer Solution Concentration, Film Thickness as

Measured by Ellipsometry, and fwhm Values Measured from the

Azimuth Profiles of the 001 Reflection for the PPAz Spin-Coating

Samples Investigated

sample concentration (g/L) film thickness (nm) fwhm_(001) (deg)

(1:0) 40.0 534( 27 8.2
(1:1) 20.0 136( 7 7.5
(1:2) 13.3 103( 5 6.5
(1:4) 8.0 58( 3 4.3
(1:8) 4.4 27.4( 1.5 4.1
(1:16) 2.3 14.8( 0.7 4.1
(1:32) 1.2 18.7( 0.7 4.1
(1:64) 0.6 4.6( 0.2

Figure 1. Representative AFM images of the height (left) and
phase (right) for two spin-coating samples of PPAz. The polymer
solution used is indicated.
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of sample (1:32) (Figure 1 bottom, left) could be attributed to
pores in the film which are precursors for film dewetting.
According to its height profile (Figure 2b, bottom), the polymer
coating appears to be in flat islands of about 6 nm in thickness. In
Figure 2a, the morphology of a thicker sample (1:2) as well as a
height profile are shown. It reveals the average planarity of the
film which consists of lamellae stacked on each other. Along the
height profile, we observe the step associated to the lamellae edges
indicated by arrows on the AFM image. This flat-on-lamellae
morphology observed for all PPAz samples is in contrast with the
preferential edge-on lamellae reported for the homologous linear
aliphatic polyesters of shorter chain lengths (Y=2, 3, and 4 CH2

units of dicarboxylic acid).11 In addition, because of dewetting,
drop morphology was observed for the thinner samples11 in con-
trast to the flat islands observed for PPAz (1:64) (Figure 2b). If
only long-range van derWaals forces are considered, the stability
of the system substrate/polymer/air (1/3/2) may be decided upon
the sign of the Hamaker constant,A132, of the system.A132 can be
calculated from the Hamaker constant derived for the substrate,
A11, and the coated polymer, A33, according to the expression:
A132=

√
A33(

√
A33-

√
A11).

20 In our case, the Siwafer is covered
by a thin layer of SiO2 for whichA11≈ 6.5� 10-20 J. Since theA33

value derived for linear aliphatic polyesters is around 17 � 10-20

J, it comes out that A132 > 0. Consequently, the spin-coated thin
films of PPAz and related aliphatic polyesters on the Siwafer used
here would be unstable and could exhibit dewetting. Therefore,
the continuous films observed for PPAz should be attributed to
other reasons as will be mentioned further below.
3.2. Structure and Chain Orientation as Revealed by

GIWAXS. InFigure 3,we havepresented theGIWAXSpatterns
for the two thicker samples (1:0) and (1:1). They reveal the
semicrystalline nature of films and a crystal orientation which is
evident also for the thickest sample. For this sample (1:0), it is
remarkable the presence on the meridian of both a spot reflection
and an arc reflection with the same lattice spacing. (d=1.356 nm
to be commented afterward). For clarity of presentation, Figure 4
shows aGIWAXSpattern revealing the highorientation achieved
for a coating about 60 nm thick. Similar patterns were observed
for the rest of the thinner PPAz samples. We will use this pattern
for indexing reflections and to clarify the chain orientation in
these spin-coated polymer films. A GIWAXS pattern is equiva-
lent to half of aWAXS pattern whose equator and meridian lines
are parallel and perpendicular to the surface film plane. The
horizontal red line of Figure 4 corresponds to the equator. The
GIWAXS patterns obtained, however, exhibit both a horizontal

Figure 2. AFM height images (top) and selected height profiles
(bottom) for the samples (1:2) and (1:64) to illustrate the flat-on
lamellae morphology of PPAz samples.

Figure 3. GIWAXS patterns for the two thickest spin-coated
samples of PPAz investigated: (1:0) and (1:1).

(20) Bollinne, C.; Cuenot, S.; Nysten, B.; Jonas, A. M. Spinodal-like dewetting
of thermodynamically-stable thin polymer films. Eur. Phys. J. E 2003, 12(3),
389–395.
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band near the equator and a backgroundwhich will interfere with
the analysis of patterns. First of all, wemust discard the reflection
marked in the figure with the asterisk (/) to be related to the
Kapton foil used as window in the vacuum path. The longest
lattice spacing observed (d=1.356 nm) corresponds to the reflec-
tion on the meridian. Then, this reflection should be associated to
the chainperiodicity (c-axis).ThehighlyorientedpatternofFigure4
reveals the absence of reflections on the equator. Particularly, the
reflection closest to the equator has a spacing value of 0.442 nm.
This value is similar to the spacing of the strong equatorial reflection
indexed as 020 of the monoclinic crystal unit cell (with b as the
principal axis) proposed for the homologous aliphatic polyesters.11

Therefore, we have considered this reflection to define the b-axis of
the crystal unit cell. Since both reflections appear not orthogonal to
each other and are used to define the b* and c* reciprocal axes, we
are proposing for PPAz a triclinic unit cell with parameters a=
0.4778 nm, b=0.4480 nm, c=1.5110 nm, R=95�, β=65�, and
γ = 85�. The expression for calculating the lattice spacing for a
triclinic crystal unit cell was used.21 Accordingly, the corresponding
hkl indexes of more intense reflections are indicated in Figure 4.

In order to get more information from the GIWAXS patterns,
the scattering intensity curves obtained by their azimuth integra-
tion are considered. For clarity reasons, we have also presented
separately the scattering curves corresponding to a full (0�-180�)
azimuth integration (Figure 5, top) and those ones from a partial
(70�-110�) azimuth integration around the meridian (Figure 5,
bottom). On these two plots, we have also indicated the hkl
indexes of reflections already shown in the pattern (Figure 4)
along with some others (002, 100, and 103) of weaker reflections.
At first sight, sample (1:0) shows much larger scattering intensity
than the rest of samples because of its relatively higher thickness
(530 nm). For this sample, the presence of higher scattering
intensity even on the meridian of the near equatorial reflection
010 (see bottom plot of Figure 5) is remarkable. Therefore, it is
plausible to assume that the outer layers of the thickest filmhave a
significant lower crystal orientation degree than those lying
deeper in thickness. Because of the much larger scattering
observed for sample (1:0) in relation to those for thinner samples, the
structural features from thin samples are visually reduced. Never-
theless, Bragg reflections (Figure 5, top) are present for all curves as
well as the amorphous broad maximum around q = 14 nm-1

associated to the noncrystallinematerial (Figure 5, bottom). Then,
according to plots of Figure 5, all the samples are semicrystalline
including the thinnest sample (1:64) for which a weak 001
reflection can be seen (Figure 5, bottom).

The structural information like crystal orientation degree and
crystal coherence size that can be derived from the shape of
reflections22 is also relevant. In our case, the highly oriented
GIWAXS patterns obtained deserve such analysis. Regarding
reflection 001 it is considerably sharp in the azimuth direction.
That would be related to crystal orientation.22 In Table 1, the full
width at half-maximum (fwhm) values measured from the azi-
muth profiles of the 001 reflection are given. For samples as thin
as 60 nm, the fwhm values are similar and very small. That
supports a high level of crystal orientation for these thinner
samples as it comes out looking at the pattern of Figure 4. As
mentioned above, our GIWAXS patterns exhibit an increasing
backgroundgoing from the top toward the equator.Due to such a
background, azimuth profiles for 001 are deeply affected and they
consist of a peak centered at 90�which appears to be truncated on
its base by symmetric tails of increasing intensity going away from
the central peak (Figure 6). Therefore, we cannot properly
determine the Herman orientation function23,24 in these oriented
PPAz samples. Nevertheless, in the case of thinner samples

Figure 4. Representative GIWAXS pattern for a highly oriented
sample (1:4). The equator (red line), azimuth angle values, and hkl
indexes of main reflections are indicated. The reflection marked
with the asterisk (/) arises from Kapton (see text).

Figure 5. Intensity curves obtained by azimuth integration of the
GIWAXSpatterns. (Top) Full azimuth range (0�-180�). (Bottom)
Azimuth interval around the meridian (70�-110�). hkl indexes are
indicated. The vertical line points out the reflection related to
Kapton.
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because the 001 reflection appears to be a spot without the arc
(Figure 4), we can assume that the corresponding background
matches the tails of their azimuth profiles (Figure 6). Then, a
calculation of the Herman orientation function f as described in
ref 24 and taking as external reference axis the surface normal
(meridian of GIWAXS pattern) was afforded. The derived f
values appear to be g0.99 for all the samples of thickness
e60 nm. Therefore, these thinner samples exhibit a full lamellae
orientation taking into account that f=1 means full or ideal
crystal oriented sample while f = 0 means isotropic or full
disoriented sample.24

On the other side, the 001 reflection is relatively wide in the
radial direction (seeFigure 4 andplots ofFigure 5). That is related
to the crystal coherence length.22,25 Indeed, reflection 001 shows a
fwhm value of about 1.1 nm-1 (in q units), while reflection 010 is
much sharper and shows a value of 0.32 nm-1. Taking into
account the relationship25 δβhkl=1/Dhkl, where δβ is the integral
breadth of a hkl reflection and D is the crystal coherence length
(crystal coherence size) along the normal direction to the hkl
plane, and assuming that δβ ≈ fwhm, the calculated crystal sizes
are 5.7 and 19.6 nm along the [001] and [010] crystallographic
directions, respectively (q = 2πs, with s being the reciprocal
vector). It has to be mentioned that the value D001=5.7 nm is
similar to the thickness of the flat islands measured by AFM
(Figure 2b). This means that the crystal lamella thickness is the
coherent scattering length which comprises about 4 chain repeat-
ing units. Therefore, the reflection 001 (c*-axis) on themeridian of
theGIWAXSpatterns reveals that crystal lamellae are horizontal,
in goodagreementwith the flat-on lamellaemorphology observed
by AFM.
3.3. Molecular Considerations about the Spin-Coating

Morphology Developed in Linear Aliphatic Polyesters. As
mentioned above, we have reported that the edge-on lamellae
morphology is characteristic for spin-coating samples of aliphatic
polyesters based on propylene glycol and a dicarboxylic acid of
different length (Y=2, 3, and 4CH2).

11 The results presented here
for the homologous polymer PPAz with a longer dicarboxylic
acid (7 CH2), however, they clearly support a flat-on lamellae
morphology, that is, lamellae parallel to the substrate. It is worth
mentioning that we have used the same experimental conditions

in both studies about aliphatic polyesters prepared by spin-
coating: CHCl3 as solvent, polymer concentrations, Si-substrate
(same wafers), and spin-coating procedures. According to the
above results, we can say that PPAz becomes a good example to
improve our understanding about the variables affecting both
quality andmorphology of spin-coating polymer thin films. PPAz
chains consist of a sequence of ester groups (of moderate hydro-
philic nature) separated by a short (3 CH2) and a long (7 CH2)
aliphatic spacer of the propylene glycol and diacid moieties,
respectively. Because of the hydrophilic nature of the substrate,
it is plausible to assume a first anchoring of the chains to the
substrate through the closer ester groups, that is, those linked by
the propylene moiety. Due to the high length of the aliphatic
spacer of the diacid and its repulsion by the hydrophilic substrate,
it would provoke a redirection of the next long aliphatic spacers
outward of the substrate where the closer ester groups are trapped.
The stabilization of the chain segments going outward is certainly
achieved by the subsequent crystallization of them. Taking into
account the structural results of section 3.2 and the above
comments, we think it will help the reader to see the schematic
view of the PPAz chains on the substrate presented in Figure 7. On
the one hand, the ability to crystallize of PPAz9 beingmuch higher
than that of the other aliphatic polyesters with shorter aliphatic
sequences should also be responsible for the efficient coverage
(continuous films) preventing the films from dewetting. On the
other hand, the preferential edge-on lamellaemorphology reported
for the homologous aliphatic polyesters of shorter length11 should,
therefore, be attributed to a more effective molecular interaction
with the substrate of closer consecutive ester groups of the polymer
chain. Consequently, polymer chains would prefer to lie parallel to
the substrate in contrast to that observed here for PPAz.

4. Conclusions

Continuous thin films of PPAz (from 15 to 530 nm thick) have
beenpreparedby spin-coating. The films exhibit a flat-on lamellae
morphology which appears to be highly oriented for coating
thicknesses below 60 nm. The films are stable against dewetting
even for thicknesses as thin as 15 nm. Differences in both film

Figure 6. Azimuth intensity profiles for the 001 reflection of
representative PPAz samples: (1:0) black, (1:2) red, (1:4) green,
and (1:32) yellow. A cake width of 100 pixels was used to pick up
the elongated 001 spot.

Figure 7. Schematic view of spin-coated PPAz chains on the Si
substrate. Three polymer chains are marked with different colors.
For the redone, the sequenceof ester groups (ellipse symbol) linked
by the short and long aliphatic spacers are indicated. The plane ab
of the crystal unit cell is parallel to the substrate, while the
reciprocal axis c* is perpendicular to the substrate as result of the
observedmeridional reflection 001whose lattice spacing d001is also
shown. (Scheme is not at real length scale.)

(25) Balta-Calleja, F. J.; Vonk, C. G. X-ray scattering of synthetic polymers;
Elsevier: Amsterdam, 1989; Chapter 4, p 141.
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stability and morphology of PPAz in relation to that reported for
homologous aliphatic polyesters are attributed to a higher ability
to crystallize of PPAz and its longer aliphatic spacer, respectively.
The crystal coherence size, D001 (about 5.7 nm), seems to be
coincident with the lamella thickness observed by AFM, particu-
larly for the thinnest sample (1:64).
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