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ABSTRACT: The surface morphologies of melt-crystallized spherulites of the optically active R and S 
forms of poly(epich1orohydrin) and their equimolar blend have been investigated by atomic force microscopy 
(AFM). For the banded spherulites formed from the optically pure polyenantiomers, a regular pattern of 
alternating concentric ridges and valleys observed by AFM corresponds directly to the pattern of 
birefringent extinction bands observed under the polarized light microscope. Examination of the surface 
topography of these banded spherulites, either by reflectance optical microscopy or by AFM, reveals a 
spiral form with a “sense” or handedness that is dependent on the chirality of the constituent 
polyenantiomer. In contrast, a relatively featureless surface is observed for the spherulites formed upon 
crystallization of the equimolar blend. AFM images of the spherulitic surface indicate the presence of 
predominantly flat lamellae in the equimolar blend while those of the pure polyenantiomer appear to 
have an alternating flat to edge-on orientation, corresponding to the banding pattern. These observations 
are discussed in the context of the current theories of lamellar organization in banded spherulites. 

Introduction 
It is well known that chain-folded lamellae are the 

building blocks of melt-crystallized polymers. However, 
the detailed description of the geometry of individual 
lamellae and their organization in the multilayered 
crystal aggregates that form spherulites remains the 
subject of intense study. Traditionally, efforts to  de- 
scribe the fundamental features of lamellar organization 
in melt-crystallized polymers have been focused on 
polymers with a minimum degree of complexity, prin- 
cipally, polyethylene.l-lz Consequently, the models that 
have been developed rely heavily on these rather ideal 
systems. 

Detailed investigations have also been made of the 
morphology of isotactic polypropylene (i-PPI, which is 
a more complex crystalline polymer owing to the 
pseudochiral nature of the chains.13-19 The a-mono- 
clinic crystal form of i-PP is among the most thoroughly 
studied and hence best understood polymer crystalline 
forms. Chiral selection of thepseudochiral helices leads 
to the most stable phase of this crystalline form, in 
which there exist regularly alternating layers of right- 
and left-handed helices. 

The extent to  which the effects of true asymmetric 
centers along the polymer backbone can be transmitted 
to higher order structures has received limited atten- 
tionzO and invites further investigation. Macromolecu- 
lar backbone chirality can impose characteristic sec- 
ondary structures and, in turn, influence the mode of 
packing upon crystallization. Specifically, it can be 
envisioned that the effect of backbone chirality on the 
organization of molecular helices in the lamellae and, 
hence, the arrangement of neighboring lamellae, would 
be manifested in the overall morphology of the crystal- 
line structure (e.g., a spherulite). In this way, the 
examination of the morphology of the spherulites of 
these optically active polymers could provide new 
insights into the organization of the lamellae within 
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spherulites. To the best of our knowledge, however, 
there are no reported studies which employ optical 
activity as an analytical tool for the elucidation of the 
spherulitic architecture of melt-crystallized synthetic 
polymers. 

Poly(epich1orohydrin) is a polymer with chiral centers 
along its polyether backbone. Recently, we reportedz1 
that on crystallization from the melt, the optically pure 
polymer forms spherulites which, when examined by 
polarized light optical microscopy, exhibit a periodic 
pattern of birefringent extinction bands while the cor- 
responding equimolar blend of the polyenantiomers 
forms nonbanded spherulites. An analysis of the ob- 
served differences in the crystallization kinetics and the 
morphology between the optically pure polyenantiomers 
and their blends led to the suggestion that in the blend 
a stereoselective mechanism operates at  the growth 
front during isothermal crystallization. 

The appearance of periodic birefringent extinction 
bands under transmitted polarized light is a relatively 
common feature in spherulites of crystalline polymers. 
It is well established that it is a regularly twisted 
molecular orientation about the radial growth axis that 
gives rise to this pattern.3-4,zz-z4 However, a twisted 
molecular arrangement can be accommodated in more 
than one type of lamellar structure. The precise de- 
scription of the shape and organization of the lamellae 
in these banded spherulites remains a subject of ongoing 
debate. P~ lye thy lene ,~ -~  a substituted polyethylene, 
p01y(4-methyl-l-pentene),~~ and the more complex poly- 
(vinylidene fluorideIz6 are among the few systems in 
which the geometry and the mutual dispositions of 
lamellae in banded spherulites have been examined in 
detail. 

There currently exist two models which describe the 
form and organization of the lamellae within banded 
spherulites: (1) A twisted molecular geometry can be 
expressed at  the lamellar level through a sequence of 
transverse screw dislocations of the same sign. Under 
isothermal crystallization conditions these are equally 
spaced along the radial growth direction of the lamella. 
Each screw dislocation supplies an increment of the 
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overall twist to the radially growing lamellae. The 
sense of the isochiral transverse dislocations is con- 
trolled by the direction of inclination of the chain stems 
with respect to the lamellar normal and the nature of 
the folding a t  the surface of an individual lamella. 
According t o  this model, the overall effect of neighbor- 
ing, in-phase, dislocating lamellae gives rise to the 
observed banding pattern. This model, originally put 
forth by Schultz and K i n l ~ c h , ~ ~  has since been modi- 
fied and developed extensively by Bassett and co- 
workers.6-8,28 Currently, the model holds that the 
chirality, or sense, of the dislocations is linked to the 
direction of tilt of the chain stems and is not associated 
with any stresses a t  the lamellar fold surfaces. At the 
screw dislocations, which serve as branch points in the 
spherulite, the adjacent lamellae which constitute the 
layers of the screw dislocation mutually diverge, en- 
hancing the element of twist. This diversion is at- 
tributed to  the pressure, between layers, due to  uncrys- 
tallized molecular cilia associated with the fold surfaces 
of neighboring lamellae; i.e., there is an interlamellar 
origin to the lamellar geometry. 

(2) A regularly twisted molecular orientation can also 
be accommodated in a continuously twisted helicoidal 
lamella without screw dislocations, as originally pro- 
posed by K e l l e ~ - . ~ ~  The twisting is attributed mainly to 
the influence of the surface stresses arising from the 
disordered chain folds.30 This model has been developed 
significantly by Keith and Padden.g The fold staggering 
causes the chain stems to be nonorthogonal to  the fold 
surfaces. The nonorthogonal relationship between the 
lamellar faces and the chain axes creates unequal 
stresses at  opposite fold surfaces. This, in turn, gives 
rise to bending moments and ultimately results in the 
twisting of the lamella. Screw dislocations may form 
in given regions as a consequence of contacts between 
growing, but already twisted, lamellae. The feature 
which determines the direction of twist, the so-called 
"chiral factor", is the direction of chain tilt with respect 
to the lamellar normal. Keith and Padden have thus 
focused on an intralamellar origin to the lamellar 
geometry. 

Direct observation of melt-crystallized lamellae has 
routinely been achieved by electron microscopy. The 
application of transmission electron microscopy tech- 
niques is limited to very thin sections or films and, to a 
certain extent, tends to suffer from the inherent effects 
of sample irradiation. Developments in chemical etch- 
ing,31 d e ~ o r a t i n g , ~ ~  and ~taining3~ as sample preparation 
techniques have helped to minimize these problems but 
provide indirect observations of the structures. Indeed, 
some of the finest images of lamellar morphology have 
been obtained through electron microscopy of surface 
replicas. However, atomic force microscopy (AFM) is a 
nondestructive scanning microscopic technique which 
allows direct observation of the original surface, yielding 
local three-dimensional information in real space. Di- 
rect imaging of bulk or film surfaces, or microtomed 
sections thereof, either in air or in liquid, has been used 
to  study the morphology of both ~ r y s t a l l i n e l ~ , ~ ~  and 
liquid crystalline polymers.35 In most cases, AFM 
alleviates the need to extract the subject from its 
original matrix, thus allowing i n  situ polymer studies.36 
High-resolution AFM has become a valuable tool in the 
resolution of molecular structure37 and, in the case of 
i-PP, the direct observation of helix sense in a crystal 
has been reported.13 
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Table 1. Polymer Physical Properties 

polymer T " m ( K )  Tg(K) M w a  MwIMn 
PRECH, PSECH 411 2C 1 247 i 1 450 000 1.6 
50/50 blend 4112C 1 247k 1 

a Approximate values as determined by GPC analysis against 

In this paper we report the results of a detailed 
investigation of the morphology, using AFM, of melt- 
crystallized spherulites of optically pure poly(R-epichlo- 
rohydrin) (PRECH) and poly(S-epichlorohydrin) (PSECH) 
and the equimolar blend of the polyenantiomers. The 
aim of this work is to  determine the effects of backbone 
macromolecular chirality on the lamellar assembly 
within melt-crystallized, banded spherulites. We dem- 
onstrate that the effects of the asymmetric centers are 
expressed beyond the level of the lamellae to the gross 
morphological level of the spherulite. The present study 
is unique in reporting the direct observation, by AFM, 
of spherulite spiral sense in isochiral, banded spheru- 
lites. The images presented herein substantiate the 
interpretation of our previous results.21 

Experimental Section 
The synthesis and the characterization of the isotactic 

optically active poly(S-epichlorohydrin), poly(R-epichlorohy- 
drin), and the preparation of their equimolar blend have been 
described elsewhere.21 Some physical properties of the poly- 
mers are included in Table 1. The samples were prepared for 
AFM by first pressing the polymer between two silicon wafers 
(Semiconductor Processing Inc., Boston, MA) on a hotplate a t  
175 "C until the polymer melted. The silicon wafer assembly 
was transferred to a thermally controlled (Linkam TMS91) 
microscope hotstage (Linkam THMSGOO) at  175 "C, where the 
polymer was melted for 15 min under a nitrogen atmosphere 
and then cooled at  a rate of 130 Wmin to a crystallization 
temperature of 70 "C, where it was held isothermally for 30 
min. The silicon wafer assembly was then removed from the 
hotstage and immersed in liquid nitrogen. This treatment 
permitted the top silicon wafer to  be removed easily, leaving 
a polymer film of the desired thickness, ca. 30-50 pm. The 
remaining bottom wafer and polymer film were then reinserted 
into the hotstage and melted at  175 "C for 15 min, cooled at  a 
rate of 130 Wmin to a constant crystallization temperature 
and allowed to crystallize unrestrained for 4 h under a nitrogen 
atmosphere. 

The AFM images were recorded in air using an AutoProbe 
CP scanning probe microscope (Park Scientific Instruments, 
Sunnyvale, CA) operating in either the constant-force mode 
or constant-height mode, as indicated, using a 100 ,um scanner 
operating at  a scanning frequency of 2.0 Hz. The cantilevers 
employed were Microlevers and Sharp Microlevers (Park 
Scientific) which had a nominal radius of 500 and 200 A, 
respectively, and a spring constant of 0.05 N/m. Where 
indicated, AFM images scanned with a constant force were 
subjected to a high-pass filter. 

Polarized light optical micrographs were taken with a Nikon 
35 mm camera mounted onto a Nikon Optiphot polarized light 
optical microscope. Reflectance light micrographs were taken 
with an Olympus 35 mm camera mounted onto a Leitz 
reflectance microscope. The radial line intensity profile of the 
polarized light optical micrograph in Figure 2c was obtained 
using JAVA video analysis software (Jandel Scientific). 

Results and Discussion 
As we have shown previously, upon isothermal crys- 

tallization from the melt over a wide range of temper- 
atures, the optically pure enantiomers of poly(epich1o- 
rohydrin) form spherulites that exhibit a banded 
morphology when viewed optically by transmitted po- 
larized light.21 As Figure l a  demonstrates, the banding 
pattern of the isochiral spherulites is also evident upon 
microscopic viewing of the free surface by reflected light. 

polystryrene standards. 
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Figure 1. Reflectance optical micrographs of the unrestrained melt-crystallized spherulitic film crystallized at 80 "C of (a) the 
optically pure PSECH and (b) the equimolar blend. 
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Figure 2. (a) Three-dimensional AFM image of a quadrant of an optically pure PSECH spherulite surface crystallized unrestrained 
at EO "C, scanned in the constant-force mode; (b) the corresponding polarized light optical micrograph; and (e) the radial line 
intensity profile, showing the band periodicity of the banded spherulite section in (b). 

This morphology is in sharp contrast to the nonbanded spherulites in which the nucleus is situated in a central 
spherulites which form from the melt of the equimolar pit. This feature is demonstrated clearly in the three- 
blend of the enantiomers, under identical crystallization dimensional AFM image of a quadrant of the optically 
conditions. The reflectance light micrograph in Figure pure poly@-epichlorohydrin) spherulite surface shown 
l b  shows the relatively coarse surface texture of the in Figure 2a. This image was generated while scanning 
unbanded spherulites. the surface of the spherulite in the constant-force mode, 

The unrestrained melt-crystallized polymer films of with the dark regions indicating depth. These pitlike 
the optically active polyenantiomers typically contain depressions are of the order of 20 pm in diameter and 



Macromolecules, Vol. 28, No. 24, 1995 Optically Active Polyethers 8009 

. - . . .  . . . . .  . 
~ ~~~~.~ 

2,) 4" 50 *,, 
Figure 3. Low-magnification AFM image scanned in constant-h 
optically pure PRECH spherulite, both melt-crystallized unrestl 

are typically of the order of 1 I m  deep. This feature is 
not uncommon to spherulites grown with a free top 
s u r f a ~ e ~ ~ , ~ ~ , ~ ~ ~ ~ ~  and presumably reflects the exhaustion 
of crystallizable material which prevents symmetry in 
three dimensions. Certainly these depressions are 
much more open than the central holes reported by 
Lustiger et  al.1° for polyethylene spherulites grown in 
much thicker films. The periodic topographical pattern 
of ridges and valleys, clearly visible in Figure 2a, is 
Characteristic of the spherulite surface of the optically 
pure enantiomers of polfiepichlorohydrin). In a previ- 
ous study of banded spherulites of poly(trimethy1ene 
glutarate), KellerZ2 noted that in vertical illumination 
the bands of the spherulites were visible as steps or 
ledges on the surface of the unrestrained spherulites. 
The AFM image in Figure 2a, which is similar in 
appearance to the spherulite fragment of poly(trimeth- 
ylene glutarate) shown in Figure 7 of ref 22, demon- 
strates physically the presence of such ledges along the 
incline of the pitlike depression in the banded spherulite 
of PSECH. The corresponding polarized light optical 
micrograph of poly(S-epichlorohydrin) is shown in Fig. 
ure 2b with its sectional analysis showing the band 
spacing in Figure 2c. The periodicity of the birefringent 
extinction banding pattern corresponds directly to the 
periodicity of the surface contour banding of the spheru- 
lite as measured by AFM. 

Figures 3a and b contain the raw, low-magnification 
AFM images of the free spherulitic surfaces of the S- 
and R-polyenantiomers, respectively, obtained while 
scanning in the constant-height mode. The coherence 
of the surface bands is striking. The bright bands in 
the AFM image indicate elevated regions, measured to 
lie approximately 400 A above the dark band regions 
at  the highest point. The elevated bands are regions 
in which the lamellae are oriented edge-on. These 
bands correspond to the birefringent (bright) bands 
under the polarized light microscope. The alternating 
surface crests and troughs of the unrestrained banded 
spherulites as imaged by AFM confirm an alternating 
flat-to-edge-on lamellar orientation, iderred from simi- 

. ~. ~ , . - . - ~  
0 7" 4" 50 p,,, 

eight mode of (a) an optically pure PSECH spherulite and (b) an 
.ained at 75 "C. 

lar electron micrographs of surface replicas of similarly 
banded spherulitic surfaces of polyethylene2 and poly- 
(vinylidene fluoride).26 

Figures 4a and b contain the corresponding raw AFM 
images of the area surrounding the nucleus of the S- 
and R-polyenantiomer spherulites, respectively, col- 
lected while scanning the free surfaces in a constant- 
force mode. The filtered images of Figures 4a and b are 
shown in Figures 4d and e, respectively. Upon close 
inspection of these images, it  is apparent that the 
lamellae, in their edge-on orientation, maintain a 
unique sense of inclination throughout the spherulite. 
A comparison of Figures 4c and d leads to the observa- 
tion that these edge-on lamellae are inclined in opposite 
directions for the two polyenantiomers. The prominent 
feature of the AFM images of the isochiral spherulites 
is the overall appearance of a spiral, originating at the 
nucleus and continuing with a unique sense of direction 
throughout the surface of the spherulite, although it 
becomes somewhat less coherent toward the edges of 
the larger spherulites. More striking is the observation 
that the sense, or handedness, of the spiral is uniquely 
related to the chirality of the constituent polyenanti- 
omer. When viewed looking down onto the free surface, 
the AFM images of the banded PSECH spherulite 
surfaces consistently display a counterclockwise spiral 
sense, while those of the PRECH spherulite surfaces 
exclusively manifest the opposite, clockwise spiral sense. 
The sense, or handedness, of a spherulite formed from 
the optically pure polyenantiomer with a characteristic 
nucleus pit can be determined readily upon inspection 
of the surface by AFM. Only in rare cases was the spiral 
not immediately apparent. With a common viewing per- 
spective, the handedness of the spiral is always opposite 
for spherulites of polyenantiomers of opposite chirality. 

In contrast to the present case, previous studies with 
nonoptically active polymers have reported that the two 
directions of spiral twist are observed to occur with 
equal probability in the banded spherulites which 
display surface spiral m o r p h ~ l o g i e s ? ~ . ~ ~ ~  The sense of 
the spiral was always maintained within one spherulite 
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Figure 4. Higher magnification AFM images ofthe corresponding spherulites in Figure 3 scanned in constant-force mode of (a) 
PSECH and (bJ PRECH: (c) rhe high-pass-filtered image of (a); td) the high-pass-filtered image of (bJ. Nnte the unique direcrion 
of inclination of the lamellar edges in each of the ianchral Spherdite surface images. 

or at least within an undisturbed sector. Apart from 
early work by KellerF2 who first noted that the bands 
of the poly(tetramethy1ene ghtarateJ spherulites were 
effectively spirals, these observations in polymer sys- 
tems have principally been made for polyethyl- 
ene.23-24.38aJ9a.h In those previous investigations of the 
free surfaces, by reflected light and electron microscopy 
of the surface replicas, the sense of the spiral was 
accented due to the inclination of the apparently edge- 
on oriented lamellae in the direction of the spiral. The 
same inclination phenomenon is manifested in the 
isochiral spherulites in this study. 

In those previous studies, it was suggested that the 
sense of a regularly twisted lamella is developed early 
in the formation of the spherulite and maintained 
throughout the growth.3" Mathematical models devel- 
oped to account for surface spiral morphology in poly- 
ethylene were based on the assumption that the twisted 
lamellae interdependently form part of a continuous, 
predictable structure throughout the banded spheru- 
lite.'O The mathematical models arranged the twisting 
lamellae in a radial fashion such that the locus of all 
points of a given lamellar twist within the spherulite 
generated a continuous surface of a three-dimensional 

spiral form. In more recent work by Lustiger et a1.,lo 
the experimentally observed surface morphology of 
banded polyethylene spherulites was also accurately 
represented by a computer-modeled surface projection 
of a n  assembly of radially oriented same-sense twisted 
lamellae. Graphical representations of oblique sections 
which dissect radially growing helicoids predicted dif- 
ferent lamellar surface projections of the model spheru- 
lite. Depending on the angle of the dissection plane to 
the lamellae and the position of the plane on the 
helicoidal axis, the resulting lamellar profiles projected 
onto that plane varied from straight-line to S- and 
C-shaped lamellar geometries, all of which can be seen 
experimentally for polyethylene. Only the C-shaped 
lamellar profiles permitted the ready determination of 
the direction of the coordinate twist of the lamellae, or 
the handedness of the helicoid. It was both predicted 
and found experimentally that C-shaped lamellae would 
project onto the spherulitic surface when the nucleus 
was abut 5-15 helicoidal periods below. In our current 
study of the highly organized optically active poly- 
(epichlorohydrin) system, the determination of the sense 
of the isochiral spherulite spiral was most easily ascer- 
tained when the nucleus was observed to be at the 
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dendritic structures closely resemble those of polyeth- 
ylene grown under similar conditions for which i t  was 
reported that the pronounced same-sense curvature of 
the flat-on lamellae reflects the tendency toward same- 
sense twisting in thicker, banded spherulites, not 
restricted by film thickness.4l In (b) the straight 
branches of the equimolar blend structures are visible. 
The surfaces of these dendritic structures are depicted 
in the corresponding low-magnification AFM images in 
Figures 8a and b. Higher magnification AFM images 
of the apparent branch points in the dendritic structures 
for the optically pure PSECH and the equimolar blend 
samples are presented in Figures 8c and d, respectively. 
Collectively, the lamellae are turning on edge at the 
branch point in the optically pure PSECH polyenanti- 
omer structure. However, in the equimolar blend 
structure the branches appear to be composed of layers 
of flat lamellae, each layer measured to have a thickness 
of the order of 100 A. 

The dendritic structures in Figures 7 and 8 are 
similar in appearance to the crystal aggregates of the 
banded, a-phase of poly(viny1idene fluoride) (PVFd, 
grown from very dilute melts of a binary blend with a 
noncrystallizable polymer as observed by Briber and 
K h o ~ r y . ~ ~  The structures displayed radially twisting 
lamellae that periodically fanned out with a period 
which corresponded to that of the banded spherulites 
formed from the melt under the same thermal condi- 
tions. The twisting phenomenon was attributed to 
unequal fold surfaces due to staggered chain folds, as 
described by Keith and Padden for polyethylene? while 
the splaying feature was attributed to a periodic release 
of stress buildup between stacks of lamellae. Without 
mention of twist sense, i t  was suggested that the 
combined twisting-splaying motif is the underlying 
structure in banded spherulites, as opposed to simply 
helicoidal twisting. Although the structures formed 
from a viscous, amorphous heterogeneous melt and the 
present dendritic structures formed in thin sections of 
a homogeneous melt have apparently similar morphol- 
ogies, we consider the splaying in the poly(epich1orohy- 
drin) structures to be indicative of an insufficient supply 
of crystallizable material. 

On Lamellar Twisting. Ordered arrays of identical 
geometrical units give rise to a regular, repeated pattern 
upon observation at  a larger level. The overall shape 
of the isochiral lamellae reflects the molecular geometry 
of the closely packed, same-sense helices from which 
they are constituted. The ordered arrays of these 
densely packed, isochiral lamellae consequently imparts 
a characteristic surface appearance to the spherulites 
formed from the optically active macromolecule. Con- 
sider a slice of an isochiral lamella dissecting the radial 
growth direction a t  right angles, so that i t  contains 
essentially a monolayer of chain stems of isochiral 
helices. Such an arrangement can be considered as a 
two-dimensional array of long chiral rods of a given 
handedness. This arrangement can also be defmed by 
an idealized plane (containing the length of the rods) of 
the nematic phase of a liquid crystal. I t  has been shown 
for liquid crystalline polymers that when the rods are 
all isochiral, the free energy is lowered when neighbor- 
ingplunes align the long axis of their respective isochiral 
rods slightly less than The effect of the 
backbone chirality of the chains in a c h i d  nematic 
phase is thus to generate the resultant cholestericphase 
in which the direction of molecular chain stem orienta- 
tion rotates in a periodic, helical fashion. By analogy 

, .~ - -  8 -  , , _  .., . 
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Figure 5. AFM image of the unrestrained melt-crystallized 
surface of the equimolar blend spherulite crystallized at 80 
"C scanned in constant-height mode, 

bottom of a pitlike depression with a radius of about 
five band periods. 

The phenomenal effect on the spherulitic morphology 
that results from the mixing of the two polyenantiomers 
to form an equimolar blend is demonstrated in the AFM 
image shown in Figure 5. Clearly, the level of cooper- 
ativity that is required for long-range coherence of the 
lamellae, in both the radial growth direction and cir- 
cumferentially, which exists in the isochiral spherulites, 
is absent in the spherulites formed from the equimolar 
blend. The black marks on the AFM image of the blend 
spherulite indicate deep holes and cracks between some 
neighboring groups of lamellae. 

The AFM images of a higher magnification afford a 
more detailed look at the lamellar organization in 
spherulites of the PSECH polyenantiomer (Figure 6a) 
and of the equimolar blend (Figure 6b). The radial 
growth direction is from left to right in each image with 
the nucleus out of view. In (a) i t  is difficult to follow a 
particular lamella, or group of lamellae, through a series 
of flat and edge-on orientations because the growth 
direction of the radiating lamellae does not remain 
parallel to the viewing surface over as many bands.24 
In (b) short-range order is visible in the equimolar blend 
sample as many small bunches of flat, somewhat 
coherent lamellae. The size of a typical bunch is of the 
order of 1 bm2. 

Due to sample flow during the melting period, the film 
thickness is reduced considerably at the edges. Conse- 
quently, in these regions the supply of crystallizable 
material is exhausted early and results in immaturely 
formed spherulites and dendritic structures. Although 
these structures are crystallized under the same ther- 
mal conditions as the spherulites in the melt-rich 
sections of the film, the former crystallize at a slower 
rate due to the lack of crystallizable material. The 
images of these regions of the optically pure PSECH 
and the equimolar blend are shown in the reflected light 
micrographs in Figures 7a and b, respectively. In the 
PSECH sample, these dendritic structures have a 
counterclockwise pinwheel-like appearance, reflecting 
the counterclockwise twisting sense of the mature 
spherulite counterpart shown earlier. These curved 
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Figure 6. High-magnification AFM images of the unrestrained surface of the melt-crystallized spherulitr at 80 "C scanned in 
constant-heixht mode of raJ the optically pure PSECH and (bJ the equimolar blend. 

Figure I. Reflectance optical micrographs of the melt-crystallized dendritic structures grown in thin sections of the film at EO 
"C of (a) the optically pure PSECH and (b) the equimolar blend. 

to cholesteric liquid crystalline polymers, i t  is conceiv- 
able then that regularly twisted, helicoidal isochiral 
lamellae could result from the effect of the lowering of 
the lateral free energies of the constituent chain-folded 
isochiral helices. In this way, the two possible twist 
directions of a lamella comDosed exclusivelv of chiral 

lar twist was constant along the length of the lamella 
and was observed to be dictated by the chirality of the 
asymmetric amino acid residues in the chains; Le., there 
was an intralamellar origin to the lamellar geometry. 
Although the pitch of the lamellar twist in the polypep- 
tide crvstal structures is ComDarable to the bandwidth 

helices of one handedness are expected to b;! energeti- 
cally nondegenerate. What emerges is a true chiral 
factor which determines the direction of lamellar twist. 
I t  is attributed to the handedness of the constituent 
molecular helices, which in turn is determined by the 
macromolecular backbone chirality. Indeed, the incli- 
nation of the concerted lamellae in the low-magnifica- 
tion AFM images of the spherulitic surfaces depends 
directly on the chiral nature of the polyenantiomers 
comprising the isochiral spherulite. Similarly, the 
observation of the unique spherulitic spiral sense, 
dependent upon the chirality of the constituent poly- 

in banied spherulites, the pilypeptides do not have a 
similar bandwidth dependence on crystallization tem- 
perature. Indeed, in this previous work by Lotz e t  al., 
the successive rotation of the neighboring chain stems 
was compared specifically to the rotation of the chain 
axes in the cholesteric liquid crystalline form of poly- 
(y-benzyl glutamate).q They maintained that the in- 
tralamellar origin of the geometry involved the core of 
the lamella. They noted that although the presence of 
surface stresses from nonorthogonal chain stems cannot 
be ruled out as a contributing factor to the twist, it 
cannot entirely account for the lamellar geometw. 

enantiomer, is in keeping with the transmission ofthe 
effects of the molecular eeometw to the hieher order 

In general, ;he chain stems in a lamella-can maintain 
a nonorthoeonal relationshiD to the oooosite fold sur- - - 

structures. 
The observed dependence of spherulite morphology 

on backbone chirality has not been reported previously 
for melt-crystallized synthetic polymers. However, i t  
can be related to a similar observation by Lotz e t  al.45 
in a study of chain-folded single crystals and crystal 
aggregates of silk fibroin and its model enantiomer 
polypeptides from solution. The direction of the lamel- 

faces either-by canting towaid the radi;'s of the spheru- 
lite or in a tangential direction. Keith and Paddeng 
have predicted that the surface stresses which result 
from the former will cause the formation of predomi- 
nantly helically twisted lamellae. There are reports of 
banded polyester spherulites in which the chains are 
known to be inclined toward the radius." For chain 
canting in the tangential direction, they predict the 
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Figure 8. Low-magnification AFM images of the dendritic structures depicted in Figure 7 of (a) the optically pure PSECH, (b) 
the equimolar blend, and (c and d) their respective higher magnification AFM images, (All of the images were collected using 
constant-height mode.) 

formation of helicoidally twisted lamellae, as in the case 
of banded polyethylene spherulites. Although the chain 
stems are successively rotated in the tangential direc- 
tion in the cholesteric liquid crystal phase analogy, this 
does not require that the chains be tilted with respect 
to the lamellar normal. I t  is not known whether or not 
the chains are canted in poly(epich1orohydrin). How- 
ever, it  should be noted that the c axes of regularly 
rotating chain stems in helicoidally twisted lamellae can 
still maintain an orthogonal relationship with the 
lamellar fold s~rfaces.~" 

Surely, beyond the confines of the planar zigzag 
polyethylene system there are lamellar twist-determin- 
ing factors other than chain canting. In his studies of 
PVFz, VaughanZ6 found that although the chains in the 
y-phase spherulites are known to be tilted with respect 
to the lamellar normal, the lamellae have a curved but 
untwisted profile and banding is not observed. It was 
not known whether chain canting occurs in the a-phase, 
which forms banded spherulites with predominantly 
planar lamellae demonstrating an alternating flat-on 
to edge-on orientation along the b-axis growth direction 
in the spherulite surface replicas. Lavinger et  al.4' have 
demonstrated that in the a-phase of PVFz the dipolar 
chains are statistically packed so that there is a cancel- 
lation of the dipole vectors of the unit cell while in the 
y-phase the lamellae are composed of polar unit cells. 
Thus, macromolecular backbone polarity can affect the 

way chains arrange in the unit cell and consequently 
influences the organization of unit cells in the lamellae. 
These effects are manifested in the gross morphology 
as banded Spherulites. 

The extinction of any long-range cooperativity of the 
lamellae in the Spherulites in an equimolar blend of the 
two polyenantiomers lends support to a stereoselection 
at the growth front in the blend spherulites, as we have 
suggested earlier.21 However, the extent to which 
chains of the opposite-sense polyenantiomer are ex- 
cluded from the lamellae remains unresolved. The 
exclusion of opposite-sense helices in the equimolar 
blend may be incomplete. The condensation of some 
adjacent enantiomeric chains a t  the growth front would 
interrupt a regular lamellar twist and, in some in- 
stances, represent points of helicoidal twist reversal. 
Indeed, Cothia4 suggested that the presence of achiral 
residues in twisted p sheets of polypeptides should 
decrease the tendency of the lamellae to twist, perhaps 
even canceling the effect. The lamellae may well be 
turning on their edge in the blend spherulite, albeit 
randomly and without any significant interlamellar 
long-range order, giving rise to a coarse, incoherent 
birefringent pattern and collectively, a relatively flat 
spherulitic surface. It is well known that the coarse, 
fibrillar appearance of nonbanded spherulites arises 
from the edges of the lamellae as they intersect the 
surface.@ 
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In view of the large number of crystalline species that 
form banded spherulites,jO which extends far beyond 
polymeric materials, it appears that an explanation of 
such a widespread phenomenon involves the very 
general prerequisite of a necessary level of asymmetry. 
Such a general prerequisite can account for the common 
banded spherulitic features among small molecules and 
chain-folded structures while still recognizing the inher- 
ent differences among these crystalline species. Appar- 
ently, the element of asymmetry is not essential at  the 
level of the residue, specifically. For example, in 
polyethylene, asymmetry is introduced only a t  the level 
of the tertiary structures, i.e., the compression aniso- 
tropy at  the opposite lamellar fold surfaces induced by 
the chain tilting within one lamella. As for the more 
complex PVFz system,26 the presence of more than one 
element of asymmetry may be influencing the lamellar 
organization, namely, those of macromolecular polarity 
and chain canting. The PVFz case may also indicate 
the importance of the strength of the asymmetric 
element. Ultimately, not every asymmetric element will 
have such pronounced effects on the crystallization 
process. 

Summary and Conclusions 

In the highly organized poly(epich1orohydrin) system 
the backbone chirality of the polymer chains imposes 
significant restrictions on the lamellar organization 
within the spherulites of both of the enantiomers and 
their equimolar blend. The observed differences in the 
spherulitic surface morphologies among the polyenan- 
tiomers and their equimolar blend support our initial 
suggestion that a stereoselective mechanism occurs at  
the growth front in the blend spherulite. The significant 
loss of coordination among the lamellae in the equimolar 
blend in both the radial and circumferential directions 
of the unrestrained spherulitic surface supports this 
claim. In contrast to  the long-range in-phasing of the 
lamellae in the polyenantiomer spherulites, the equimo- 
lar blend spherulites manifest only patches of local, 
short-range order. Bunches of lamellae collectively give 
a relatively flat surface. Often neighboring bunches are 
not in close contact but arg separated by gaps in the 
surface of the order of 1000 A deep. However, the extent 
of the exclusion of oppositely handed helices from the 
lamellae in the equimolar blend system is not resolved. 
An incomplete stereoselection mechanism at the growth 
front of the equimolar blend spherulites is suggested, 
where the periodic incorporation of opposite-sense chains 
present locations of regular lamellar twist interruption 
and/or helicoidal twist reversal. 

The observed surface morphology of the banded, 
isochiral spherulites of PSECH and PRECH is consis- 
tent with previously modeled surfaces of a spherulitic 
architecture composed of an assemblage of radiating 
helicoidally twisted lamellae.1° No evidence was seen 
t o  indicate that regularly spaced screw dislocations 
along the lamellae accommodate the twisted molecular 
orientation in the banded spherulites, as described in 
the model developed by Bassett.6 The observed mor- 
phology favors the existence of an underlying lamellar 
geometry of radiating, regularly twisted helicoidal 
lamellae, as in the model by Keith and P a d d e ~ ~ . ~  The 
nature of the intralamellar origin of such a geometry, 
however, appears to depend on the molecular charac- 
teristics of the poly(epich1orohydrin). It is not known 
whether the chains are tilted with respect to  the 
lamellar normal in optically active poly(epich1orohy- 
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drin). However, for these polyenantiomers it would 
seem that the factor which determines the direction of 
twist of the lamellae is the chiral identity of the chains. 
Although stresses at  the opposite fold surfaces cannot 
be excluded, it is suggested that the twist of the lamellae 
arises from the lowering of the lateral surface free 
energies of the isochiral helices as they condense in 
slightly less than parallel layers in the lamellar growth 
direction. Indeed, the molecular geometry of the iso- 
chiral helices is translated beyond the lamellar level to  
that of the spherulite, the surface of which manifests a 
spiral, the direction being dependent upon the handed- 
ness of the constituent polyenantiomer. For optically 
active poly(epich1orohydrin) the asymmetrical units 
present in the backbone of the optically pure polyenan- 
tiomer are actively influencing the development of the 
overall spherulite and their effects are transmitted to  
the level of the gross morphology. 
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