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ABSTRACT: Amorphous thin films of isotactic polystyrene (i-PS) were prepared by casting a hot solution
in p-xylene onto the hot water surface. Dried films mounted on the specimen grids for transmission electron
microscopy (TEM) were crystallized from the glassy state by annealing. The crystalline thin films of i-PS
thus prepared were examined by TEM. In these films, we could observe immature and more or less mature
two-dimensional spherulites and sheaflike structures, the constituents of which are basically edge-on
lamellae. As for the space-filling mechanisms of spherulitic growth, some models have been proposed so
far: for example, a model based on branching of straight lamellae and a model based on “spawning” of
new lamellar crystals. In the latter model, however, most of the spawned lamellae are to be curved.
From TEM observations, it is deduced that both branching and spawning occur together in the process
of spherulitic growth of i-PS, because some lamellae are seemingly straight and branched but the majority
of lamellae are curved. In addition, the (300) lattice images obtained by high-resolution TEM have
successfully visualized, at the molecular level resolution, the two manners for producing such curved
lamellar crystals with an edge-on orientation in crystalline thin films of i-PS.

1. Introduction

Extensive studies on solid structure and properties
of isotactic polystyrene (i-PS) have been reported so far
concerning crystallization from solution,1-7 from the
glassy state,8-11 or from the melt6,8,12-14 because of, for
example, the small growth rate of i-PS in crystallization.
The crystal of i-PS is vulnerable to electron irradiation
similar to other polymer crystals, so that the crystal
becomes amorphous by a small irradiation dose. The
i-PS crystal is, however, several times more durable
than, for example, that of polyethylene against electron
irradiation.3,4,9 By using a transmission electron micro-
scope equipped with a special device to minimize the
radiation damage such as a minimum dose system
(MDS; JEOL Ltd.) or a low dose unit (LDU; Philips),
therefore, direct lattice imaging of i-PS crystals has been
successfully carried out so far even at room tempera-
ture.3,4,9

As for the homogeneously nucleated polymer spheru-
lite, a structural model, in which straight ribbonlike
lamellar crystals branch repeatedly for space filling, was
previously proposed (for example, refs 15 and 16).
Subsequently, a different model, in which ribbonlike
lamellae are nucleated one after another during spheru-
litic growth and then they are curved and splayed (or
fanned) as they grow, was also proposed (for example,
refs 17-19). In this report, crystalline thin films of i-PS
are investigated by transmission electron microscopy
(TEM), in particular by high-resolution TEM (HRTEM).
Some important fine structural results obtained from

the edge-on lamellae of i-PS, which are constituents of
two-dimensional spherulites and of sheaflike structures,
are described. The space-filling mechanism for the
spherulites is also briefly discussed on the basis of
morphological observations by TEM.

2. Experimental Section

2.1. Sample Preparation. The i-PS sample (Polymer
Laboratories Ltd.; the molecular weight reported by the
supplier is approximately 6 × 105) was dissolved in hot
p-xylene (near its boiling point), and a drop of the resultant
hot solution (1-2 wt %) was spread on the surface of hot water
(near but below the boiling point of water) to make a thin
amorphous film of i-PS because the temperature of hot water
is near or below the glass transition temperature of i-PS (90-
100 °C).8,10 The thickness of the film was around 100 nm or
less as judged from its interference color (silver to light gold).
This is the same method as that used to make thin films of
polyethylene and isotactic polypropylene with spherulitic
textures.20 The amorphous thin film of i-PS was mounted onto
a specimen grid (Cu) for TEM (or onto a microgrid21 deposited
on a Cu grid for HRTEM) and then annealed/crystallized
isothermally at 160-170 °C under a nitrogen atmosphere for
a given time (usually about 10 min). This process is the case
of so-called “cold crystallization”, namely, of crystallization
from the “glassy state”.22-24 After annealing/crystallization, the
specimens were coated and reinforced only with a thin carbon
layer vapor-deposited under vacuum. To enhance the morpho-
logical contrast in conventional bright-field imaging by TEM,
some specimens were shadowed with Pt-Pd under vacuum
at a shadowing angle of tan-1(1/4) before carbon coating. For
calibration of camera length in selected-area electron diffrac-
tion (SAED), some of the specimens were coated under vacuum
with Au instead of Pt-Pd.

2.2. Transmission Electron Microscopy (TEM). The
present TEM study was performed at room temperature by
using a JEOL JEM-200CS (accelerating voltage ) 200 kV;
spherical aberration coefficient (Cs) ) 2.8 mm) or a JEOL JEM-
2010 (200 kV; Cs ) 0.5 mm), both of which are equipped with
a MDS. The SAED patterns and the TEM images were
recorded onto photographic films (Fuji FG, Kodak SO-163 or
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Mitsubishi MEM): The characteristics of these photographic
films have been reported before.25,26 The exposed films were
developed at 20 °C with a Mitsubishi Gekkol developer (full
strength) usually for 5 min. HRTEM images, however, were
recorded onto the MEM films and developed at 20 °C with
Gekkol for 10 min.

3. Results and Discussion

3.1. Morphological Observations. Parts a and b
of Figure 1 are conventional bright-field images of an
i-PS thin film annealed/crystallized at 165 °C for 10 min,
corresponding to an early stage of spherulitic growth
(the specimen was shadowed with Pt-Pd). Owing to the
metal shadowing, in these figures, the individual fibril-
lar entities comprising a more or less mature two-
dimensional spherulite with a central “binocular-like”
open space (such a spherulite is located at the upper
left of Figure 1b) are well recognized. A so-called
sheaflike structure is also visible at the lower left of
Figure 1a. As demonstrated below (Figures 2-4), these
fibrillar entities are the crystalline lamellae in the
“edge-on” position. Some fibrillar entities are seemingly
straight, but fibrillar ones surrounding the binocular-
like open space are curved. The arrow in Figure 1a,b
indicates an example of lamellar branching.

Figure 2 is a bright-field image of an i-PS thin film
annealed/crystallized at 170 °C for about 60 min, but
this specimen film was not treated by shadow casting27

or by electron staining.27 As demonstrated below (see
Figure 3), this specimen film is semicrystalline, and

each of the dark fibrillar striations corresponds to an
edge-on lamella. The image in Figure 2 was obtained
by the objective-lens defocus contrast method, using an
under-focus of about 40 µm at 200 kV. This technique
was first introduced by Petermann and Gleiter.28 For
such a semicrystalline specimen which consists of
crystalline entities and their amorphous surroundings,
a proper amount of objective-lens defocus in the bright-
field imaging mode gives sufficient “phase contrast” to
the image, owing to the difference in electrostatic inner
potential. In Figure 2, sheaflike structures are recog-
nized here and there, and dark fibrillar striations
comprised of the edge-on lamellae are clearly observed
to be stacked closely near the center of each sheaflike
structure. Fibrillar striations near the center of a
sheaflike structure are seemingly straight, but those
surrounding the binocular-like open space are certainly
curved, as in Figure 1. Branched dark striations are also
recognized here and there in Figure 2, suggesting
lamellar branching.

Figure 3a is also a bright-field defocus-contrast image
(taken at an under-focus of about 40 µm at 200 kV) of
an i-PS thin film annealed/crystallized at 161 °C for 7
min (the specimen film was not metal-shadowed or
stained). In the corresponding SAED pattern (Figure
3b), some crystalline reflections are visible as schemati-
cally indicated in Figure 3c, showing that the specimen
film is semicrystalline. Gray regions between the dark
fibrillar striations represent amorphous regions. Similar
to Figure 2, edge-on lamellae are observable as dark
fibrillar striations, and stacked lamellar structures are

Figure 1. Conventional bright-field images of an i-PS thin
film which was crystallized at 165 °C for 10 min and then
shadowed with Pt-Pd. The arrow in each image indicates an
example of lamellar branching.

Figure 2. Bright-field image of an i-PS thin film which was
crystallized at 170 °C for about 60 min. This image was
obtained by the defocus contrast method,28 namely, taken at
a fairly large amount of objective-lens defocus (at an under-
focus of about 40 µm at 200 kV).

4828 Tsuji et al. Macromolecules, Vol. 34, No. 14, 2001



also recognized. The width of fibrillar entities in Figures
1, 2, and 3a is measured to be about 10 nm, as indicated
in Figure 3a for the specimen crystallized at 161 °C.
This value might be regarded as the lamellar thickness
but is not always reliable because the specimen for
Figure 1 was metal-shadowed and the images of Figures
2 and 3a were taken at a fairly large amount of under-
focus setting.29,30 In fact, the lamellar thickness of i-PS

crystallized isothermally at 160-170 °C was reported
to be 12-14 nm.8,12,31

The crystal structure of i-PS was analyzed by Natta
et al. (trigonal; a ) 2.19 nm, c (chain axis) ) 0.665
nm).32,33 All the SAED patterns in this study (for
example, Figure 3b) were well indexed with these unit
cell constants. In Figure 3b, a pair of fairly sharp arc-
shaped 300 reflections are observed on the equator (in
Figure 3b, the “equator” is not horizontal but tilted),
and weak 211 and 102h reflections are visible off-
meridionally and nearly on the meridian, respectively,
as schematically illustrated in Figure 3c. (As indicated
with the arrow showing the direction of the c*-axis in
Figure 3b, the polymer chains are preferentially ori-
ented from the lower left to the upper right in Figure
3a, probably due to some flow when the i-PS hot solution
in p-xylene was spread on the hot water surface. To
identify the directional relationship between a morpho-
logical image and its corresponding SAED pattern, such
an oriented specimen film was utilized here.) No reflec-
tions attributed to the (110) or (220) planes are, how-
ever, recognized in Figure 3b though, for example, the
absolute value of structure factor for the 220 reflection
is much greater than that for 300.33 The SAED pattern
of Figure 3b, therefore, shows a tendency for the
uniplanar axial orientation in which the c-axis (chain
axis) and the (110) plane are parallel to the film surface.
Each of the fibrillar entities in Figure 1 and the dark
fibrillar striations in Figures 2 and 3a are, consequently,
attributed to an edge-on (or nearly so) crystalline
lamella. This orientation is also confirmed from the
dark-field image taken by using a 300 reflection as
shown in Figure 4. In Figure 3, a region in which edge-
on lamellae are densely stacked seems to correspond to
the location of row nucleation. These edge-on lamellae
appear to grow from a row nucleus in both directions
perpendicular to the flow direction, to splay gradually,
and then to impinge upon lamellae grown from another

Figure 3. Slightly oriented thin film of i-PS which was
crystallized at 161 °C for 7 min. (a) Bright-field image obtained
by the defocus contrast method,28 namely, taken at a fairly
large amount of objective-lens defocus (at an under-focus of
about 40 µm at 200 kV). (b) Corresponding SAED pattern. (c)
Schematic illustration of the SAED pattern shown in (b). The
arc-shaped 300 reflection is much sharper and stronger than
the others (211 and 102h), as observed in (b). The asterisk (*)
indicates the center of the pattern in (c).

Figure 4. Dark-field image of a slightly oriented thin film of
i-PS which was crystallized at 161 °C for 7 min. This image
was taken by using one of a pair of the arc-shaped 300
reflections which appeared on the equator in the corresponding
SAED pattern similar to Figure 3b, and therefore the chain
axis (c-axis) is weakly but preferentially oriented in the vertical
direction of this dark-field image.
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row nucleus. Though seemingly branched striations are
observed in some places of Figure 3, it is difficult to
judge whether they impinged or were really branched.

Figure 4 shows an example of a dark-field image of
an i-PS thin film annealed/crystallized at 161 °C for 7
min. This image was taken by using one of a pair of the
arc-shaped 300 reflections. The SAED pattern obtained
from this specimen film also showed preferential ori-
entation as that from the specimen used for Figure 3,
and most of the polymer chains are to be preferentially
oriented in the vertical direction of Figure 4. In Figure
4, fine bright striations oriented in the horizontal
direction are the regions which contribute to the 300
reflection utilized for dark-field imaging; that is to say,
each of the bright striations corresponds to a crystalline
region in a lamella. This dark-field image provides the
conclusive evidence that the fibrillar entities recognized
in the bright-field images (Figures 1, 2, and 3a) are edge-
on (or nearly so) lamellar crystals of i-PS.31 Thus, it is
deduced that a crystalline lamella grows in the direction
normal to the (300) plane and its growing face is the
(300) plane. Furthermore, the width of these fine bright
striations was measured to be 6-7 nm. The crystalline-
core thickness of the i-PS lamellar crystal grown at 161
°C, therefore, can be estimated, and this value is 6-7
nm if such lamellae are standing strictly in the edge-
on orientation. A finite orientational distribution of
lamellae around the strict edge-on position, however,
should be also taken into consideration. In Figure 4, it

is unfortunately difficult to identify lamellar branching,
though some edge-on lamellae are found to stack paral-
lel side by side with each other.

3.2. High-Resolution TEM (HRTEM) Observa-
tion. The total end-point dose (TEPD), namely the
electron dose necessary for complete disappearance of
crystalline reflections in the SAED pattern, of i-PS
crystal is around 2000 electrons nm-2 (approximately
0.03 Coulombs cm-2) for 200 kV electrons at room
temperature.9,11 The lattice spacings of i-PS crystal,
especially its (hk0) spacings, are invariant with increas-
ing electron irradiation dose.4 Owing to these facts,
HRTEM observation of i-PS crystals can be realized
even at room temperature.3,4,9

Figure 5 shows a HRTEM image of a thin film of i-PS,
which was annealed/crystallized at 161 °C for 7 min.
Lattice fringes with a spacing of 0.63 nm are identified
in the image, which correspond to the (300) lattice
planes of i-PS crystal. Slender regions, in which the
lattice fringes are observable (for example, part R
located at the upper left of and part â at the lower right
of the image), are recognized. As schematically il-
lustrated at the bottom of Figure 5, the slender region,
part R, is almost a straight rectangle, but the other
region, part â, is gradually curved. Each of the regions
corresponds to an edge-on lamella, strictly speaking, to
one crystallite (or the crystalline core of the lamella).
Thus, the length of the (300) lattice fringes, namely the
thickness of the crystalline core in an edge-on lamella

Figure 5. HRTEM image of edge-on lamellae in an i-PS thin film which was crystallized at 161 °C for 7 min. The schematic
illustration at the bottom of the figure shows the location and direction of (300) lattice fringes in the HRTEM image.
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grown at 161 °C, is estimated at about 6 nm, though
the image contrast of the fringes in Figure 5 is not
sufficient.

Figure 6 shows another HRTEM image obtained from
curved edge-on lamellae in a thin film of i-PS, which
was annealed/crystallized at 161 °C for 7 min. The
arrows in the image indicate the directions of the (300)
lattice fringes, as schematically illustrated at the bottom
of this figure. The inset, ED, in the figure is a SAED
pattern from the specimen film, showing a pair of sharp
reflection arcs of 300, and this SAED pattern is similar
to that in Figure 3b. The other inset in Figure 6 is the
optical diffraction (OD) pattern obtained from the cor-
responding area in the original negative, which area

includes this HRTEM image under consideration. This
OD pattern clearly shows a pair of sharp and short
reflection arcs of 300, which indicate that there exists
a restricted distribution of directions of the (300) fringes
in the HRTEM image. Undoubtedly in the image, the
direction of lattice fringes in part A is slightly different
from that in part B.

The (300) lattice fringes in Figure 6 are more clearly
observed than those in Figure 5. The length of the
fringes, namely the crystalline-core thickness is cer-
tainly about 6 nm, as indicated in the figure. This value
is, of course, is nearly compatible with that obtained
from the dark-field observation of another specimen
crystallized at 161 °C (e.g., 6-7 nm in Figure 4), because

Figure 6. HRTEM image of curved edge-on lamellae in an i-PS thin film which was crystallized at 161 °C for 7 min. The insets,
ED and OD, are respectively the SAED pattern obtained from the specimen film and the optical diffraction pattern obtained from
the corresponding area in the original negative, which area includes the HRTEM image under consideration. The schematic
illustration at the bottom of the figure shows the location and direction of (300) lattice fringes in the HRTEM image. The thick
arrow in part B indicates the position of lamellar bending.
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a similar region in an edge-on lamella, which region has
given the 300 reflection in question, is visualized in both
high-resolution and dark-field observations. Accord-
ingly, there is no serious difference in estimation of
crystallite size (viz., of crystalline-core thickness) be-
tween dark-field TEM and HRTEM. However, the
crystalline-core thickness estimated from the lattice
images is more precise and reliable than that obtained
from dark-field observation only if the lamellae are
strictly set in the “edge-on” position, because the (300)
lattice fringes of 0.63 nm spacing can be utilized as an
internal standard for magnification calibration.9 In any
event, it is noted that the crystalline-core thickness is
considerably smaller than the coresponding lamellar
thickness.9,31 Furthermore, the contrast of HRTEM
image is directly related to the arrangement of the
molecular chains, that is to say, the direction of (300)
lattice fringes indicates that of the chain stems in a
crystallite, and consequently the shape and orientation
of crystallites and the lattice defects if present in a
crystallite can be visualized at the molecular level
resolution. Figures 5 and 6 clearly reveal that there
exist, at least, two microstructural features giving rise
to the curvature of a lamella, and these might be
associated with some deformation of lattice planes: (1)
The lattice planes are aligned side by side but in a
staggered (or longitudinally shifted) fashion (part â in
Figure 5 and part A in Figure 6). (2) The neighboring
crystallites in a lamella, in each of which the lattice
planes are regularly aligned side by side with no
staggering, are slightly but distinctly changed in ori-
entation with each other (part B in Figure 6; the lamella
appears to be “bent” at the position indicated with the
thick arrow). The origin of this phenomenon is not
known now, though a kind of crystallographic twinning
might be one of the possibilities.

Figure 7a shows a model of polymer spherulite whose
constituents are ribbonlike lamellae.16 These ribbonlike
lamellae branch frequently during their growth. Each
of the lamellae is straight. However, by repeated

branching for space filling (if the lamellae branch at a
regular “branching angle”, the branching in question is
probably crystallographic branching, for example, like
a dendritic mechanism (or a twinning one)15,17), they will
grow into a sheaflike structure and finally into a
spherulite leaving a binocular-like open space near the
center. This type of spherulitic structure seems to be
due to homogeneous nucleation in the polymer film.15,19

Lamellar branching is recognized, for example in Fig-
ures 1 and 2, though it seems to occur infrequently.
Figure 7b is a different model of polymer spherulite
proposed by Phillips,19 and similar models were also
presented by other researchers.17,18 This figure also
shows a binocular-like open space due to homogeneous
nucleation. In this model, however, ribbonlike lamellae
are nucleated (probably by “spawning”8) one after
another during spherulitic growth and are curved and
splayed (or fanned) for space filling. The TEM study on
i-PS thin films reported by Edwards and Phillips8 has
supported the “spawning” of new lamellar crystals,
which means that a new lamellar crystal (or a daughter
lamella) is nucleated just near the mother lamella
probably as a result of chain entanglements in the
polymer melt. This daughter lamella is likely to be
parallel to the mother one. In the case of spawning,
therefore, most of the constituent lamellae of a mature/
immature spherulite and of a sheaflike structure,
namely most of the spawned lamellar crystals, should
be curved and splayed,8 as illustrated in Figure 7b, and
the curved profile of spawned lamellae might be at-
tributted to a concentration gradient of crystallizable
materials.8 We note that most of the lamellae observed
in Figures 1, 2, and 3a are really curved. Hence, the
formation of curved lamellar crystals is one of the
necessary conditions for spherulitic growth of a polymer
such as i-PS, as shown in Figure 7b. Our HRTEM
results clearly demonstrated the two manners for
producing the curved lamellae.

Finally, it should be noted that the model illustrated
in the middle of Figure 7b corresponds to a transitional
hedrite stage.17 This model resembles well, in appear-
ance, the sheaflike structures observed here and there
in Figure 2 and the one located at the lower left of
Figure 1a, which are all, therefore, supposed to be
hedrites.

4. Concluding Remarks

In this report, structural studies by TEM, in particu-
lar by HRTEM, of crystalline thin film of i-PS were
presented. As for the space-filling mechanism of spheru-
litic growth, branching of straight lamellae was pro-
posed previously as one of the possible mechanisms, as
illustrated in Figure 7a. On the other hand, a different
mechanism base on the “spawning” of new lamellae was
subsequently proposed, as illustrated in Figure 7b. As
described above, however, in this latter case most of the
spawned lamellae of a mature/immature spherulite and
of a sheaflike structure should be curved and splayed.
From our results of morphological observation by TEM
(for example, from Figures 1 and 2), it is deduced that
both branching and spawning occur together in the
process of spherulitic growth, because some lamellae are
seemingly straight and branched but the other lamellae
are really curved. However, for example, at (or near)
the center of a spherulite or of a sheaflike structure,
several lamellae are located side by side, and therefore
spawning seems to be a principal mechanism of spheru-

Figure 7. Two typical models of homogeneously nucleated
spherulite of flexible-chain polymer, which are respectively
comprised of (a) straight ribbonlike lamellae with branching16

and (b) curved and splayed ribbonlike lamellae19 which are
grown plausibly by “spawning”.8 In these two-dimensional
spherulites, the ribbonlike lamellae are in the “edge-on”
orientation. The stage with a sheaflike appearance in (b),
namely the illustration in the middle of (b), seems to cor-
respond to a transitional hedrite stage.17
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litic growth in i-PS. In this study, we have succeeded
to visualize, at the molecular level resolution by HR-
TEM, the two manners (see the lattice fringes in part
A and part B of Figure 6) for producing such curved
lamellar crystals which are present with an edge-on
orientation in crystalline thin films of i-PS. Repetition
of one of these two manners or combination of them is
to produce a curved ribbonlike edge-on lamella which
is observed as a seemingly continuous striation in
Figures 1, 2, and 3a.
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