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Abstract: In this mini-review, we summarize the evidences of lamellar twisting in the birefringent
banded polymer spherulites demonstrated by various characterization techniques, such as polarized
optical microscopy, real-time atomic force microscopy, micro-focus wide angle X-ray diffraction, etc.
The real-time observation of lamellar growth under atomic force microscopy unveiled the fine details
of lamellar twisting and branching in the banded spherulites of poly(R-3-hydroxybutyrate-co-17 mol %
R-3-hydroxyhexanoate). Organization of the twisting lamellar crystals in the banded spherulites was
revealed as well. The lamellar crystals change the orientation via twisting rather than the macro
screw dislocations. In fact, macro screw dislocation provides the mechanism of synchronous twisting
of neighboring lamellar crystals. The driving force of lamellar twisting is attributed to the anisotropic
and unbalanced surface stresses. Besides molecular chirality, variation of the growth axis and the
chemical groups on lamellar surface can change the distribution of the surface stresses, and thus
may invert the handedness of lamellar twisting. Thus, based on both experimental results and
physical reasoning, the relation between crystal chirality and chemical molecular structures has been
suggested, via the bridge of the distribution of surface stresses. The factors affecting band spacing
are briefly discussed. Some remaining questions and the perspective of the topic are highlighted.

Keywords: banded polymer spherulite; ringed spherulite; lamellar twisting; organization of lamellar
crystals; surface stresses; chirality

When crystallized from quiescent melt or concentrated solution, polymer chains usually form
spherulites consisted of multiple lamellar crystals radiating from the spherulite center. Observed under
polarized optical microscope (POM), a spherulite shows the characteristic Maltese-cross extinction.
Besides the Maltese cross, some spherulites demonstrate alternative bright and dark bands under POM.
These spherulites are termed as banded spherulites or ringed spherulites. The band structure with
different light intensities may result from different thicknesses or different birefringences but similar
thickness. In the former case, the bands are due to the periodical modulation of sample thickness and
there is no variation of refractive index in the spherulite. These nonbirefringent banded spherulites
have been observed in some polymer single crystals formed from thin melt films [1] or solutions [2]
and are reviewed by Li et al. [3] in this special issue. In the latter case, the birefringent bands can result
from the wavy bending growth or twisting growth of crystals. The wavy bands have been reported in
sheared liquid crystals [4,5], which do not form spherulites under the condition. In this mini-review,
we focus on the birefringent banded spherulites, which consist of synchronously twisted lamellar
crystals. The organization of the twisted lamellar crystals in the banded spherulites and the driving
force for lamellar twisting will be briefly reviewed. The readers interested in this topic can also refer
to the previous reviews for reference [6-9]. The main aim of this mini-review is to emphasize the
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evidences of lamellar twisting in the birefringent polymer banded spherulites from the combination
of various characterization techniques and to reveal the organization of twisted lamellar crystals in
the banded spherulites. Furthermore, the driving force of lamellar twisting will be briefly discussed.
Among the several proposed mechanisms, the anisotropic and unbalanced surface stresses is the most
probable mechanical origin of polymer lamellar twisting. Finally, the perspective of banded spherulites
as a probe of the crystal nucleation mechanism and a platform of functional materials is expected.

1. Evidence of Lamellar Twisting in Banded Polymer Spherulites

1.1. Observation of Banded Spherulites via Polarized Optical Microscopy

Polarized optical microscopy (POM) is a simple method to distinguish the change of growth
direction of crystals in the film plane and to check whether there exists twisting of crystals. Figure 1
presents some possible types of organization of lamellar crystals in the thin film and the corresponding
polarized optical micrograph. If the crystals do not twist and only change their growth direction from
the radial to tangential direction in the substrate plane (Figure 1a), there will be no bands in the bright
field without polarizer and analyzer, namely, no difference of light intensity in the spherulite should
be observed. Figure 1b shows wavy bending of lamellae out of the film plane, which is termed as
trans-rotational crystals and has been observed in spherulites of Se, its alloys, and other inorganic
substances [10]. If the banded spherulites are consisted of wavy bending lamellar crystals (Figure 1a,b),
there should be no shift of bands when tilting the sample stage under POM. In contrast, there will be
shift of bands in the banded spherulites consisted of twisting lamellar crystals (Figure 1c,d). Spherulites
consisting of helicoidally twisted lamellar crystals will demonstrate single or double bands under POM
(Figure 1c), corresponding to uniaxial and biaxial birefringent crystal, respectively [11-14]. In contrast,
banded spherulites composed of helically twisted lamellae will reveal zigzag extinction patterns under
POM (Figure 1d). Figure 2a presents the single-banded spherulites of poly(L-lactide) (PLLA). Figure 2b
shows the double birefringent bands in a poly(R-3-hydroxybutyrate) (PHB) spherulite, which consists
of alternative bright-dark-gray-dark band patterns observed under the crossed polarizers. The double
bands could only be attributed to twisting of crystals rather than simple change of growth directions
in the film plane. Whether there is lamellar twisting can be checked via tilting the sample stage
under POM, which provides a direct method to determine the handedness of lamellar twisting. When
the banded spherulites are tilted around a radial direction, the bands will shift up or downwards,
depending on the tilting direction and the twisting handedness (Figure 3) [15]. If the lamellar crystals
twist steadily in the spherulite, the bands will move continuously with increasing tilt angle. If there is
no lamellar twisting, the bands may not move while tilting the sample stage.

In the normal POM image, the light intensity is a coupling result of the birefringent retardation
and the orientation of optical axes of the crystals. Some advanced optical microscopes, such as
Polscope [16,17] and Mueller matrix microscope [18,19], can separate the birefringent retardation and
the orientation of the slow optical axis. Polscope results of a poly(R-3-hydroxyvalerate) (PHV) banded
spherulite containing an eye-like region are revealed in Figure 4 [17]. Figure 4a gives the birefringence
retardation at each pixel and Figure 4b draws the orientation of the slow optical axis (corresponding
to the largest refractive index in the film plane) in the spherulite. The eye-like region shows smaller
retardation, though the thicknesses of the two regions are the same. In the eye-like region, the slow
optical axis is alternatively along the radial and circumferential direction. In the other region, the
slow optical axis is always along the radial direction. Consequently, Polscope and Mueller matrix
microscope would be powerful tools to distinguish different types of banded structures.
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Figure 1. Organization scheme of curved lamellar crystals in thin film and the corresponding polarized
optical micrographs: (a) In-plane wavy bending; (b) Out-of-plane wavy bending; (c) Helicoidal twisting;
(d) Helical twisting of lamellar crystals and the corresponding pattern of optical micrograph. In (c,d),
the second and third column corresponds to the simulated polarized optical micrograph of uniaxial
and biaxial birefringent crystal, respectively. The simulated optical micrographs in the middle column
of (c,d) are adapted from Ref. [14].

Figure 2. Two types of birefringent banded spherulites observed under polarized optical microscope:
(a) Single banded spherulites of PLLA; (b) double banded spherulite of PHB.

o o T L
e v "
wih f ] e g, R
s i A Y o —
larfiol o io]2ee] Liolie] o 1o 20°) [-2efae] o o2

Figure 3. Tilting banded spherulites around an axis on the sample stage under POM reveals twisting
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handedness of the lamellar crystals. The lamellar twisting handedness in the spherulites of PHB
and PHBV with 5 mol % HV comonomers is left-handed and that in PHBHHx with 2.9 mol % HHx
comonomers and PHBV with 16 mol % HV comonomers is right-handed. Adapted with permission
from Ref. [15]. Copyright (2010) American Chemical Society.
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Figure 4. Polscope images of a poly(R-3-hydroxyvalerate) spherulite: (a) Magnitude of birefringent
retardance, which is given as pseudo-color. Thicker film and larger crystal birefringence leads to
higher retardation. Red corresponds to 273 nm retardance and black corresponds to zero birefringence.
(b) Orientation of the slow optical axis (corresponding to the largest refractive index of the crystal
in the film plane) in each location, which is typically shown by short lines for every 15 pixels in the
horizontal and vertical direction of the original video frame. Reprinted with permission from Ref. [17].
Copyright (2009) American Chemical Society.

1.2. Real Time Atomic Force Microscopy (AFM) Observation Reveals Details of Lamellar Twisting

Previous SEM [20,21], TEM [22,23], and AFM observations [24-26] have demonstrated that the
banded polymer spherulites consist of alternative edge-on and flat-on oriented lamellar crystals.
However, due to the close packing of the dense lamellae, the lamellar twisting details had not been
clearly revealed before the real-time AFM observations [27]. Growth and twisting of the lamellar
crystals in the banded spherulites of poly(R-3-hydroxybutyrate-co-17 mol % R-3-hydroxyhexanoate)
(PHBHHX) in a thin film with thickness around 100 nm is shown in Figure 5. The lamellar crystals
changed the orientation from edge-on orientation to tilted (Lamella 1 in Figure 5b and lamella 2 and 3
in Figure 5c), then to flat-on (Figure 5d), via twisting. In this random copolymer, lamellar branching
occurs via macro screw dislocations (Label S1 and S2 in Figure 5ef). It is of particular interest that the
fine details of lamellar twisting could only be clearly revealed just at the moment or shortly after the
twisting happened (Figure 5b,c). With elapsed time, the trace of twisting was hidden by the over-grown
neighboring lamellae (Figure 5d—f). This might lead to the illusion that the lamellae should twist
abruptly when the surface of the completely crystallized banded spherulites were observed under
AFM. When the crystallization temperature was further raised, individual continuously twisting
lamellae were observed due to the decreased nucleation density, as shown in Figure 6. Twisting
could occur before macro screw dislocations were observed (Figure 6¢,d). Consequently, macro screw
dislocations were not the cause of lamellar twisting. To confirm that lamellar twisting happened in
thick film as well, the lamellar twisting was observed in the film with thickness about 10 um (Figure 7).
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Figure 5. Real-time AFM phase images showing lamellar twisting process of poly(R-3-hydroxybutyrate-
co-17 mol % R-3-hydroxyhexanoate) at 75 °C. The images in (b—f) correspond to elapsed time of 6, 12,
18, 24, and 36 min, respectively, with respect to the first image (a). The arrows labeled with S indicate
macro screw dislocations and B points to backward growth. Adapted with permission from Ref. [27].
Copyright (2004) American Chemical Society.

Figure 6. Real-time AFM phase images showing continuous lamellar twisting of poly(R-3-hydroxybutyrate-
co-17 mol % R-3-hydroxyhexanoate) from edge-on to flat-on at 85 °C. The time intervals between two
consecutive images of (a—f) are 6 min. Adapted with permission from Ref. [27]. Copyright (2004) American
Chemical Society.

Figure 7. Lamellar twisting of poly(R-3-hydroxybutyrate-co-17 mol % R-3-hydroxyhexanoate) in a
thick film with thickness about 10 um. Adapted with permission from Ref. [15]. Copyright (2010)
American Chemical Society.
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We should emphasize that the surface morphology of the completely crystallized banded
spherulites may not tell the true story. For example, AFM observation on the surface of a completely
crystallized PHBHHXx banded spherulite seems to indicate the change of growth direction from radial
to the tangential direction, as presented in Figure 8. However, it is not the truth. Some other factors
may also obscure the trace of twisting and lead to misinterpretation, such as frequent branching of the
lamellae and bending of some lamellae with asymmetric shape (e.g., half lamellae).
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Figure 8. AFM height (left) and phase image (right) of the surface of a part of PHBHHx banded
spherulite completely crystallized at 45 °C. Adapted with permission from Ref. [27]. Copyright (2004)
American Chemical Society.

Besides the aforementioned techniques, some other tools have been applied to confirm lamellar
twisting in the banded spherulites. Micro-focus X-ray diffractograms of polyethylene [28], PLLA [29],
PHB [30], poly(e-caprolactone) (PCL)/poly(vinyl butyral) (PVB) blend [31], PHBV blending with
amorphous poly(vinyl acetate) (PVAc) [32], and poly(trimethylene terephthalate) (PTT) [33,34] provide
additionally direct and firm support that the lamellar crystals twist in the banded spherulites.
Micro-FTIR imaging [35-38], nanoindentation [39], and AFM force-volume images [40] can all
demonstrate the different orientations of lamellar crystals in the banded spherulites.

Etching of banded polymer spherulites with solvent has been applied to separate the twisting
lamellae [41]. The study provided firm support that the banded spherulite consisted of twisting
lamellar crystals, while radiating from the spherulite center to the periphery.

In Figure 9, the same radial growth rates of the banded spherulites in the bright and dark bands
preclude the possibility of remarkable change of the fast growth axis of the lamellar crystals along the
radial direction [42].

Besides banded polymer spherulites, the banded spherulites of small molecules, such as
K>CryO7 [43], hippuric acid [44], and aspirin [45], are composed of twisted crystals as well.

In the past decade, Woo et al. [46—48] has studied the surface and cross section morphology of
banded spherulites in fractured films of various polyesters. Based on these morphology observations,
he questioned the mechanism of lamellar twisting in these banded spherulites and proposed the
scheme of alternative radial and tangential growth of lamellar crystals. The work has stimulated new
open discussions. Since the special issue provides a valuable platform for exchange of ideas, we would
like to discuss it here. Though the scheme is posed based on some experimental observations, it is
difficult to accommodate the following questions and experimental results: (1) How can the radially
grown lamellar crystals initiate growth of the next layer tangential lamellae? It is difficult for the
information of growing along the radius and then turning to the tangential direction to transfer from
the spherulite center to periphery without disruption and while keeping the band spacing constant;
(2) This scheme should lead to considerably different radial growth rates of the bright and dark bands
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in the spherulites, which has not been observed experimentally; (3) Tilting of the sample should not
shift the bands according to the scheme. Consequently, the scheme of alternative radial and tangential
lamellae does not agree with the previous experimental results of our lab and other groups.

600

400

200

Spherulite Radius(um)

0 1000 2000 3000 4000
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Figure 9. Growth profile of a PLLA banded spherulite crystallized at 135 °C showing the almost same
radial growth rate of the bright and dark bands. The open data points indicate the bright bands and
the closed points indicate the dark bands. Reprinted with permission from Ref. [42]. Copyright (2005)
Elsevier, Ltd.

2. Organization of Twisted Lamellae in Banded Spherulites

Banded spherulites consist of twisting lamellae, however, the scheme that banded spherulites
consisting of many individual twisting lamellae is over-simplified. To form regular bands with uniform
band spacing, two conditions are necessary: One is that the twisting information and the twisting
sense should be transferred without disruption during growth of the lamellar crystals. The other
requires synchronous twisting, namely, the neighboring twisting lamellae along the tangential direction
should take similar (not much different) orientation at the same radial distance, as shown in Figure 10.
In Figure 10d, it seems that the lamella twist abruptly from edge-on to flat-on orientation. However,
from Figure 10a—c, the lamella twist smoothly to change the orientation, as indicated by the arrow.
The feeling of abrupt twisting from Figure 10d is due to the complicated curvature of the lamella, as
schemed in Figure 11. In Figure 11a, the edge-on lamella slightly twists to the tilted orientation at point
A. In addition, the lamella scrolls along the tangential direction as well. As a result, the orientation
at point A is totally different from that at point B, which leads to the illusion that the lamella twists
abruptly. In fact, the lamella curves smoothly, as shown in Figure 11d.

We have proposed a mechanism leading to the cooperative packing of the twisting lamellae,
as schemed in Figure 12 [49]. The leading edge-on lamella twists to adopt flat-on orientation
(Frame 1 to 3). With further growth and twisting, the flat-on lamella twists to form tilted lamella
(Frame 4). At the same time, screw dislocations (which may be exaggerated by twisting) produce
several daughter lamellae with similar orientation. These daughter lamellae further grow and twist to
edge-on lamellae. Namely, the screw dislocations lead to similar orientation of the neighboring lamellae,
providing a mechanism for lamellar branching and synchronous twisting. When crystallized at high
temperatures, the frequency of screw dislocations decreases. This leads to poor cooperative packing
of twisting lamellae and probably results in the irregular banded structure at high temperatures.
Toda et al. [50-52] have systematically revealed the role of macro screw dislocations in lamellar
branching in the banded polymer spherulites.

The bright and gray bands of PHB spherulites observed under POM correspond to the edge-on
and flat-on orientation of the twisted lamellae, namely, the edge-on lamellae possess higher birefringent
retardation than the flat-on lamellae. For PHB banded spherulite, a (along spherulite radius) [30,53],
b (tangential), and ¢ (chain direction) axis of the crystal lattice corresponds to the ny, n3 and n; optical
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axes (with the definition n3 > ny > n;) [14]. Iny — ng | of the edge-on lamellae is larger than Inz — ny |
of the flat-on lamellae, which results in the wider bright bands with positive birefringent retardation
and the narrower gray bands with negative retardation. Previous assignment [53] that the b axis is
along the bright bands is wrong. It should be the c axis that is along the bright bands, which correspond
to edge-on oriented lamellae.

/a/

Figure 10. Real-time AFM phase images showing the lamellar twisting process and the consecutive
right-handed macro screw dislocations caused by lamellar twisting in poly(R-3-hydroxybutyrate-co-17
mol % R-3-hydroxyhexanoate) crystallized at 85 °C. The images in (b-h) correspond to elapsed times
of 17, 25, 68, 93, 119, 161, and 212 min, respectively, with respect to the first image (a). Reprinted with
permission from Ref. [49]. Copyright (2007) Elsevier, Ltd.
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Figure 11. AFM images (a—c) and the scheme (d) showing the curvature of the lamella of PHBHHx
crystallized at 75 °C. The 4, b, and c axes are also the three C;, axes of the lamella curvature. The arrows
indicate the radial growth direction (2 axis) and the rectangular frames indicate the lamella with
complicated curvature, which shows S and anti-S profile when viewed against the radial growth
direction and the tangential direction, respectively. Namely, it is a double twisted lamella. Adapted
with permission from Ref. [15]. Copyright (2010) American Chemical Society.

Edge-on
lamella
Flat-on

lamella

)

lamella

Radial growth direction

Figure 12. Scheme showing the details of growth and organization of the twisted lamellar crystals.
The lamellar crystals change orientation via twisting. Macro screw dislocations lead to multiplication
of lamellar crystals and synchronous twisting of neighboring lamellae. Redrawn with permission from
Ref. [49]. Copyright (2007) Elsevier, Ltd.

In PHV banded spherulite, a special morphology containing an eye-like or tear-drop shaped
region with mixed positive and negative birefringence surrounded by a normal region with positive
birefringence could be observed [17]. Both the two types of regions correspond to the same crystal
lattice. However, the lamellar crystals in the two regions grow along the different crystal axes. In the
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eye-like region, the a4 axis of the lamellar crystal is along the radial direction, while in the normal
positive birefringent region, the b axis lies in the radial direction of the banded spherulite, as revealed
in Figure 13. Tilting experiments demonstrated that the lamellar crystals exhibited the opposite
twisting handedness along the different growth axes in the two regions. This observation challenges
the previous belief that the lamellar crystals in the banded spherulites of a non-racemic chiral polymer
should show a certain defined twisting handedness [54]. The special eye-like POM morphology in
spherulites has been reported in poly(ethylene adipate) (PEA) [55], isotactic polypropylene (iPP) [56],
poly(ethylene succinate) (PES) [57], and cellulose/ionic liquid spherulites [58].

T n;.r"'.'f' 'x-_/-.ﬁﬂf\ 3 _":
left-handed twist

<. nl i It3
right-handed twist

Refractive Indices
n; > n, > ny a axis~n,, b axis~n;, ¢ axis~n,

Figure 13. Scheme of the two radial growth directions and twist senses in the normal region and
the eye-like region of the PHV spherulite. In the eye-like region, the radial direction is along the a
axis with left-handed lamellar twisting. In the other region, the radial direction is along the b axis
with right-handed twisting. Adapted with permission from Ref. [17]. Copyright (2009) American
Chemical Society.

The bright and gray bands of PHB and poly(R-3-hydroxybutyrate-co-10 mol %
R-3-hydroxyvalerate) under POM are the ridge and valley regions in the AFM height image,
respectively [40]. It is the usual case for most banded spherulites. However, it is the opposite in
the banded spherulites of poly(R-3-hydroxybutyrate-co-17 mol % R-3-hydroxyhexanoate), in which
the bright POM bands consisted of edge-on lamellae in the valley region in the AFM height image.
The surface height fluctuation of the two types of birefringent polymer banded spherulite is in the
order of tens of nanometers, less than 1% of the film thickness. In contrast, in the nonbirefringent
banded spherulites formed from all flat-on lamellar crystals, the height fluctuation is up to the whole
thickness of the sample [1-3].

In some cases, banded spherulites with spiral bands can be observed. There are two possibilities:
One is that the spirals really exist, which can be confirmed by SEM or AFM observation of the surface
morphology [59]. The other is due to the artifact of polarized light. When the twisted lamellar crystals
growing synchronously from the spherulite center are parallel to the glass slide, the concentric bands
will be observed under cross polarized microscope. If the twisted lamellar crystals are tilted to the
glass slide, spiral bands will be observed under POM [11-14]. The spiral sense depends on both the
sign of the tilt angle and the handedness of lamellar twisting, as shown by the simulated morphology
in Figure 14. The experimental results in Figure 15 confirm the simulated morphology [14].

Recently, micro-focus WAXD results show that poly(propylene adipate) (PPA) banded spherulites
consisted of helically rather than helicoidally twisted lamellae [60]. The simulated POM pattern in
Figure 1 agrees with the experimentally captured micrograph.



Crystals 2017, 7, 241 11 of 19

,
L

(c)

Figure 14. Simulated POM pattern of a spherulite consisting of twisted lamellar crystals with biaxial
birefringence. The tilting angle of the lamellar crystals toward the glass slide is (a) 0°; (b) 15°; (c) 30°.
The three refractive indices of the crystals are arbitrarily chosen as: ny = 1.45, ny = 1.5, n3 = 1.57. The ny
axis of the crystals are along the radial direction. The sample thickness is set as six times the wavelength
of the transmitted light. Adapted from Ref. [14].

(b)

Figure 15. A PHBV banded spherulite showing spirals under cross polarized optical microscope (a) and
concentric bands observed without polarizer and analyzer (b). The scale bar is 10 microns. Adapted
from Ref. [14].

3. Driving Force for Lamellar Twisting in Banded Polymer Spherulites

In the past decades, the lamellar twisting in banded polymer spherulites has been attributed
to several mechanisms, such as surface stresses [6,7,61], screw dislocations [62,63], and external
compositional or stress fields [64], etc.

External or internal reason? Since individual twisted lamellar crystals can be isolated from the
crystallized samples [41,65], the origin of lamellar twisting should be internal rather than external
forces, though the external fields during lamellar growth may affect lamellar twisting to some extent.
In addition, the external fields could not guarantee the fixed handedness of twisting during lamellar
growth. In the recent review, Crist and Schultz [9] acknowledged: “There is general agreement that the
kinetic field model does not account for banding in polymer spherulites.”

Screw dislocations or other factors? Keith and Padden [6] have ruled out the possibility that macro
screw dislocations led to lamellar twisting in banded polymer spherulites. Our real-time AFM
observation on lamellar twisting of individual lamellae clearly demonstrated that screw dislocation
is the consequence rather than the cause of lamellar twisting [27]. In fact, lamellar twisting happens
before appearance of macro screw dislocations. The chiral lamellar twisting leads to consecutive screw
dislocations with the same handedness.

Surface or bulk stresses? Surface stresses have long been proposed as the driving force of lamellar
twisting. Originally, Hoffman and Lauritzen [61] postulated that the helical lamellar twisting may
result from surface stresses. Later, Keith and Padden [6] qualitatively attributed bending of half lamella
and helicoidal twisting of the full lamellae of PE and other polymers to unbalanced surface stresses
resulting from overcrowding of folds. In 2005, Lotz and Cheng [7] attributed the mechanical origin of
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the lamellar curvature in both achiral and chiral polymers, e.g., bending, twisting, and scrolling, to the
unbalanced surface stresses arisen from the different degrees of overcrowding at the two fold surfaces
of the lamellar crystals. The molecular origin of the surface stresses was systematically established in
the critical review.

However, what determines the twisting handedness of lamellar crystals in the banded spherulites
of non-racemic chiral polymers had been a controversy over decades till our study. We observed the
opposite chiral senses of the twisting lamellae along the two different growth axes in PHV banded
spherulites [17]. This observation violated the previous belief that the lamellar crystals of a chiral
polymer should exhibit a certain defined twisting sense. The growth axis-dependent lamellar twisting
chirality was attributed to the distribution of the anisotropic surface stresses in the four sectors of a
single lamella, as schemed in Figure 16. In each sector, the magnitude of the surface stress on the top
surface will be different from that on the bottom surface. In PHB and PHYV, both the crystal lattice and
the distribution of surface stresses show the symmetry of P2;2;2;. Namely, viewed down the radial
growth axis, the two halves of the lamellar crystals show 2-fold rotational symmetry, namely, when the
lamella rotates by 180°, the distribution of surface stresses is exactly the same as that before rotation.
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Figure 16. Mechanical model interpreting the origin of the unbalanced anisotropic surface stresses and
the resultant opposite twist handedness along the two orthogonal axes of PHV lamella. (a) The side
view of the configuration of the chain stems and the folds on the opposite lamellar surfaces of a single
lamella, wherein the configurations are simplified according to the symmetry rule that a, b, and ¢
axes are the three 2; screw axes. A, B, C, and D indicate the four sectors of a lamella. The bold black
arrows indicate the helical chain stems with up or down direction. (b) The top view of the folds on
the lamellar surface. The folds of form I and those of form II are of different encumbrances. (c) The
scheme of lamellar twist sense induced by the unbalanced surface stresses along the two orthogonal
growth axes. The twisting lamella scheme is adopted from Ref. [66] and the cooperative behavior of
two half lamellae is redrawn from Ref. [6]. Reprinted with permission from Ref. [17]. Copyright (2009)
American Chemical Society.

In the field of inorganic crystals and low molecular weight organic crystals, Punin [67,68] and
Shtukenberg et al. [8,69,70] proposed that heterometry stress may cause bending and twisting of bulk
and meso crystals. The heterometry stress arises from the unequal lattice constants in the different
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growth sectors due to heterogeneous distribution of impurity and defects and may exist in both bulk
and surface of the crystals.

Via changing the chemical groups on the amorphous surface of the lamellar crystal of PHB
random copolymers and the PHB/PHBHHXx blends, we could invert the twisting chirality without
change of the symmetry of the crystalline lamellar core. With increase of comonomer composition
in the random copolymers of PHBV and blends of PHB/PHBHHX, lamellar twisting handedness
changed from left to right-handed, as previously shown in Figure 3 [15]. Since the comonomer units are
precluded from the crystalline lamellar core and enriched at the amorphous surface, this observation
unambiguously reveals that it is the surface rather than the bulk factors that determine the twisting
chirality of the studied polymer lamellar crystals.

Collaborating with Jianshan Wang and Xiqgiao Feng, the quantitative effect of surface stresses on
the lamellar twisting chirality and pitch was simulated [15,71]. The results confirmed that variation of
the direction of the principal surface stresses could lead to the inversion of twisting chirality.

The above experimental results and physical models demonstrate that it is the distribution (more
precisely, symmetry) of the anisotropic and unbalanced surface stresses that directly determines the
twisting chirality of the polymer lamellar crystals. In turn, variation of molecular chirality, growth axis,
and surface groups can all affect the surface stresses, thus change the twisting chirality of polymer
lamellar crystals. The distribution of surface stresses on the lamellae of chiral and nonchiral polymers
is schemed in Figures 17 and 18, respectively. For both the two cases, when lamellar twisting occurs,
the surface stress has a C, rotation axis along the radial growth direction. Lamella of chiral polymers
exhibits the same twisting handedness viewed from the two ends, while that of nonchiral polymers
shows the opposite twisting chirality in the two growth directions.

Radial
growth axis
—-
m
S R Mirror Symmetry = = = = = = = — = = = >
r
rr ‘\\
5. ! Tua “
Radial
growth axis
N —l

Figure 17. Effect of molecular chirality on the distribution of surface stresses and the corresponding
chirality of lamellar curvature. The black solid and dashed arrows indicate the net tensile stress on the
top and bottom surface of the lamella, respectively. Adapted with permission from Ref. [15]. Copyright
(2010) American Chemical Society.
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Figure 18. Two possible distributions of surface stresses in lamella of nonchiral polymers. The black
solid and dashed arrows indicate the net tensile stress on the top and bottom surface of the lamella,
respectively. The case (b) rather than the case (a) leads to lamellar twisting. Adapted with permission
from Ref. [15]. Copyright (2010) American Chemical Society.

4. Factors Affecting Band Spacing

Both chemical composition and crystallization conditions affect the band spacing of banded
spherulites. Band spacing usually increases with rising crystallization temperature [69]. Considering
both the variation of the bending curvature of PHBHHX half lamellar crystals and the lamellar
thickness with supercooling, we qualitatively estimated the variation of surface stresses of PHBHHXx
with supercooling [15], which indicated that the surface stresses increased with rising supercooling.
However, there are at least two exceptions. One is that two types of banded spherulites of poly(butylene
adipate) (PBA) demonstrated decreasing band spacing with rising temperature [72]. The other is that
poly(trimethylene terephthalate) (PTT) banded spherulites exhibited decreasing banding spacing with
increasing temperature in a certain temperature range [73].

At present, it is still a great challenge to quantitatively measure the surface stresses on the polymer
lamellar crystals with thickness of only several nanometers. Mechanical simulation shows that lamellar
shape and size considerably affect the lamellar curvature [15,71]. With increasing lamellar thickness,
the twisting pitch becomes larger providing the same surface stresses [71].

Mixing with other components also has considerable effect on the band spacing [74], implying
that the amplitude of surface stresses is probably changed. For instance, when blended with another
polymer, the band spacing of PLLA spherulite became smaller [42]. We should point out that
our study demonstrated that pure PLLA polymer itself can form banded spherulites [42], though
blending with other components might accelerate lamellar twisting and enhance the regularity
of bands. This also stands for PCL [75-78]. Recently, Ho et al. [79] reported that chiral dopants
can tune the twisting chirality of lamellar crystals of nonchiral isotactic poly(2-vinylpyridine),
where (R)- and (S)-hexahydromandelic acid dopant induced right-handed and left-handed lamellar
twisting, respectively.



Crystals 2017, 7, 241 15 of 19

5. Conclusions and Perspective

Combining various characterization techniques and physical modelling, we demonstrate that
the birefringent banded polymer spherulites consist of twisting lamellar crystals. The fine details of
lamellar twisting in the banded spherulites was revealed for the first time by real-time AFM observation
during growth of PHBHHXx spherulites from thin melt film. Continuous twisting leads to change
of lamellar orientation from edge-on to flat-on, then to edge-on again. Chiral twisting could occur
before appearance of macro screw dislocations. The successive macro screw dislocations with the
same handedness are a consequence rather than the cause of the chiral lamellar twisting. However,
the macro screw dislocations give birth to multiple daughter lamellae with similar orientation, which
provides a most probable mechanism for cooperative packing of neighboring twisted lamellar crystals
and thus formation of regular bands.

The driving force for twisting of polymer lamellar crystals has long been attributed to unbalanced
surface stresses. Based on both experimental findings and physical modeling, we reveal that it is the
distribution of anisotropic and unbalanced surface stresses that directly determines the handedness of
lamellar twisting. Besides molecular chirality, variation of growth axis and the amount of bulky groups
on the surfaces can invert the handedness of lamellar twisting. This explains why the previous attempts
to correlate lamellar twisting chirality with molecular chirality inevitably failed. The distribution of
surface stresses is a bridge from molecular chirality to crystal chirality for twisted polymer lamellae.

Many factors will affect the pitch of lamellar twisting, thus the band spacing of spherulites,
including lamella thickness and the principal direction and magnitude of surface stresses. These factors
are influenced by crystallization conditions and the chemical composition of the polymer system.
Usually, band spacing arises with increasing crystallization temperature. Nonetheless, there are
exceptions, where band spacing decreases with rising temperature. Mixture with other components
often leads to regular bands and decreasing band spacing.

Twisting lamellar crystals may possess optical activity, such as circular birefringence [80], circular
dichroism [81], and second harmonic generation [82], etc. Consequently, polymer banded spherulites
may find potential applications in optical devices.

There are still some challenges and questions remaining in the field of polymer banded spherulites.
How to precisely determine the distribution and magnitude of surface stresses? Does bulk stress
contribute to lamellar curvature? Is the twist totally elastic or with partially plastic deformation? How
does blending affect the band spacing? Does lamellar twist occur at the growth front or happen after
solidification of the crystal? Answers to these open questions need further study, probably with the
aid of new insights and novel techniques.
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