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ABSTRACT: The circular birefringence of polycrystalline
polymers is invariably obscured by strong linear birefrin-
gence. To parse the two mechanisms of light retardation,
polycrystalline spherulites of polylactide enantiomers were
analyzed by Mueller matrix microscopy. Polymer films are
barely optically active in normal incidence, but if illuminated
obliquely they become strongly optically active. Opposite
hemispheres have oppositely signed circular birefringence.
The sign is independent of the enantiomer but dependent
on the sense of the sample’s tilt. These observations are
consistent with light path inhomogeneities resulting from
stacked, mis-oriented lamellae. Chiroptical commonalities
based on symmetry arguments are discussed among poly-
lactide, a single oriented water molecule, and microfabri-
cated metamaterial arrays, as well as the first physical model
of optical activity, Reusch’s pile of mica plates. The latter
model provides the best explanation of the circular birefrin-
gence of polylactide spherulites. The only data on the optical
rotation of crystalline polymers to date come from osten-
sible single crystals of polylactide. The enormous, aniso-
tropic optical rotations observed previously are in quanti-
tative agreement with misoriented lamellae observed here.
Limitations of parsing circularly birefringent systems into
those showing ‘natural optical activity’ and those others,
somehow ‘unnatural’, are discussed.

olymers built from chiral monomers can manifest their local
dissymmetry in extended chain conformations, packing of
chains in lamellae, and the packing of lamellae into polycrystalline
ensembles. Researchers refer to these organizational length scales as
levels of chirality’ and make attractive analogies to the primary,
secondary, tertiary, and quaternary structures of proteins." It is
natural to imagine that the interactions of such hierarchical chiral
systems with circularly polarized light might yield structural in-
sights. While the chiroptical responses of polymers of enantioen-
riched monomers in helical conformations have been well studied
for molecules in solution,” we are ignorant of the chiroptics of
lamellar organization on the mesoscale. This is because linear
anisotropies invariably mask changes to circular polarization states
in solids. It was our aim, here, to evaluate the higher order
chiroptical consequences of polycrystallinity in chiral polymers.
To do so it was necessary to bring new methods of analysis to bear
on the problem of proliferating chirality length scales.
Herein, we describe the application of Mueller matrix micros-
copy (MM)? to the analysis of the linear birefringence (LB) and
circular birefringence (CB) of polylactide (PLA) spherulites.
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Figure 1. General experimental configuration for examination of spher-
ulites with Mueller matrix microscope. The polarization state generator
and analyzer are made from fixed linear polarizers and rotating wave plates.

PLA"is an environmentally benign bioplastic’ made from renew-
able resources. Its crystallization determines the properties of
items that can be fabricated from it. MM analyzes the linear
optical properties of a complex sample through a matrix of
images, the so-called Mueller matrix (M),’ the linear operator
that describes the transformation of the input Stokes vector (S;,)
describing the polarization state of the instrument-generated
light, to the output Stokes vector (S,,) generated after interac-
tion by the sample: S, = MS;, The sixteen raw images of M are
not simlgly related to fundamental optical constants including CB
and LB.” To isolate these quantities, we carried out an analytical
decomposition of the raw M.® Mueller matrix imaging is well
suited to the optical analyses of complex chemical systems.’
Figure 1 shows the arrangement of the sample with respect to the
microscope optical path.

Semicrystalline PLA enantiomers, poly(i-lactide) (PLLA) and
poly(p-lactide) (PDLA), are commercially available.'® PLA crys-
tallizes in the enantiomorphous, orthorhombic space group
P2,2,2, with a = 10.66(1) A, b = 6.16(1) A, and ¢ (chain axis)
=28.88(2) A."! The morphology of PLA spherulites is varied and
has been studied by many research groups using an array of
analytical methods.'” Invariant, however, is the radial b-axis.
Either a or ¢ can project perpendicular to the substrate. It was
shown that the optically negative spherulites (Figure 2a,b) are
made up of edge-on lamellae with tangential chains, while the
optically positive (Figure 2¢c) spherulites are made up of flat-on
lamellae with chains perpendicular to the substrate. The negative
spherulites of PDLA and PLLA were obtained from the melt at
120 °C, and the positive PDLA spherulites were obtained at
150 °C."?

Figure 2d—f show the |LB| micrographs (4 = 630 nm) of
negative PDLA and PLLA spherulites and a positive PDLA
spherulite, respectively, that result from a reduction of the raw
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Figure 2. Extinction micrographs (4 = 630 nm) of optically negative
(larger index tangential) PDLA (a) and PLLA (b) spherulites (thickness
~§ um) and optically positive (larger index radial) PDLA spherulite (c).
Angle is direction of large refractive index measured counterclockwise
from the horizontal. (d—f) |LB| micrographs corresponding to (a—c) in
radians.

M to false color micrographs representing discrete optical proper-
ties. The negative spherulites (edge-on lamellae) exhibited much
stronger LB than the barely anisotropic positive spherulite (flat-on
lamellae). This distinction results from the different spatial
arrangements of lamellae. The chain stems are parallel to the
substrate and perpendicular to the light in edge-on lamellae in
normal incidence. They are perpendicular to the substrate and
parallel to the incident light in flat-on lamellae. In the latter
direction, the sample is nearly uniaxial. The organization of
lamellae with respect to one another was expected from analysis
of the CB micrographs. Figure 3 shows the CB signal of three radial
spherulites. The spherulite consisting of flat-on lamellae hardly
shows any CB (Figure 3c), and the spherulites consisting of edge-
on lamellae (both PDLA and PLLA) exhibit a weak signal with an
apparent random variation in sign (Figure 3a,b).

On tilting the samples about an axis perpendicular to the wave
vector a large CB signal developed of opposite sign in the
hemicircular regions separated by the plane parallel to the wave
vector and perpendicular to the substrate and tilting axis. The sign
of the signal was not correlated with the configuration of the
monomers; PDLA and PLLA gave the same signal sense for a
clockwise twist of the sample axis emerging on the left side when
facing with the forward propagating beam (Figure 3d,e). However,
a counterclockwise rotation of the sample changed the absolute
signs of the CB signal for both enantiomers (Figure 3gh).

Where does the CB come from? First, we will propose a
qualitative model to account for the observations in broad
strokes. Then, we will offer a quantitative simulation.

The expectation of CB is wholly consistent from a considera-
tion of the symmetry of the experiment. Any two edge-on
lamellae, originating from a spherulite nucleation center, but
diverging radially in planes both normal to the substrate,
comprise a C,, crystalline ensemble, ignoring the fact that the
lamellae are made from chiral molecules. Tilting occurs around
the diad axis relatin% a pair lamellae. C,, is an achiral but optically
active point group;'* dextro- and levorotatory directions in an
oriented C,, structure must be counterbalanced. The sign of the
signal must change whenever the light vector is reflected across
either of the two mirror planes. The observation of CB here is
precisely what would be expected from our calculation of the
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Figure 3. Circular birefringence (4 = 590 nm) of PLA spherulites. (3, d, g)
PDLA edge-on spherulite in normal incidence, tilted at —45° and +45°,
respectively. (b, e, h) PLLA edge-on spherulite in normal incidence, tilted
at —45° and +45°, respectively. (c, f, i) PDLA flat-on spherulite in normal
incidence, tilted at —45° and +45°, respectively.

optical activity of a single oriented water molecule'® (Figure 4a)
or the measurement of the CB of microwaves from a C,, array of
microfabricated U-shaped resonators likewise rotated about the
diad axis (Figure 4b)."

The best explanation for optical activity often depends on the
scale of the system. In H,O, the optical activity arises, in large
measure, from the non-normal transition electric dipoles and
transition magnetic dipoles when projected onto the wavevectors
of the light.1 In the metamaterials, the CB arises from classical
dipole moments induced in wires by electromagnetic radiation, ®
again with the proviso that, in an oriented system, the moments
are not orthogonal on average with respect to the light beam. The
symmetry of these experiments is analogous to PLA in Figure 4c.
But, the origin of the polymer CB is best explained otherwise.

What is crucial for the observation of CB in PLA spherulites is
the disposition of linearly birefringent lamellae, not molecular
chirality. To account for the growth of the CB signal on tilting
and its change in sign about the plane normal to the tilting axis, a
reconsideration of the very first model of optical activity, Reusch’s
pile of twisted mica plates, is required.'”'® Reusch recognized
that he could mimic optical rotation in crystals by stacking flakes
of mica each rotated in the same sense by a small amount from
layer to layer. A circular wheel with radial, edge-on lamellae
viewed in oblique incidence mimics a helical stack.

We could not affect a similar rise in CB when we tilted the spher-
ulite with flat-on lamellae (Figure 3f;). At first, one might expect that
the edge-on and flat-on morphologies would have convergent
optical properties at 45°. But, the flat-on lamellae are less well
structured. The Bragg peaks are much coarser.'” Additionally, the
light path through the polymer, simply calculated from Snell’s
Law, is 28° with respect to the high birefringence direction in edge-
on lamellae and 62° from the high birefringence direction in the
flat-on lamellae. According to an approximate formula® for the
Reusch stack, the azimuthal rotation is proportional to the square
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Figure 4. Circular birefringence determined by the sense of twisting of
disparate C,, objects. (a) Representation surface of optical rotation
tensor of a single oriented water molecule at 45° (top), 0° (center) and
—45° (bottom). (b) Split ring metamaterial resonators oriented like-
wise. (c) Representation of two PLA lamellae. Each half of the spherulite
perpendicular to the twisting axis is a C,, arrangement.

of the retardance. Together these factors account for the dif-
terences in the CB of edge-on and flat-on lamellae.

Symmetry arguments can tell us nothing about the magnitude
of an effect. We therefore attempted to capture what is known
about the structure of PLA spherulites in a quantitative model.
Pockels™® first derived an approximate formula for the azimuthal
rotation expected from a pile of Reusch plates in normal inci-
dence that was later supported by a more exact approach using
the Jones calculus.”' In order to deal with Reusch plates in non-
normal incidence, we carried out the following calculation using
the Stokes—Mueller calculus detailed in the Supporting Informa-
tion. We estimated the refractive indices of a single PLA layer as
1.55 along the polymer chains and 1.45 and 1.46 in the orthog-
onal directions. According to AFM data, each layer was assumed
to be 5 nm thick. The light path sampling a total thickness of ¢ is
pictured passing from layer to layer and interacting with the di-
electric susceptibility tensor that is progressively mis-oriented
as the light traverses the sample in non-normal incidence
(Figure Sa—c). We assumed a misorientation of layers in the
xy plane due to the radial orientation about z and in the yz plane
due to the spherulitic growth mechanism. Then we took the
general M of an anisotropic layer, taking out all the terms
associated with diattenuation (absorption and dichroism) and
intrinsic (molecular) CB. This M was multiplied by a succession of
matrices each representing one layer with LB parameters evaluated
from refractive indices derived from the rotated dielectric suscept-
ibility tensor according to the physical disposition of layers as
established. The experimental values in Figures 2d,e and 3d,e,gh
and the calculated values in Figure Sd,e compare favorably.

We know virtually nothing about the anisotropy of CB in high
polymers with the exception of three reports on single crystals of
PLA by Kobayashi,”* the modern pioneer of the study of optically
active crystals,”® and co-workers. They reported an enormous
and inordinately anisotropic CB: the components along and
normal to the helical axes of the PLA chains were 9.2 x 10° °/
mm and —14°/mm, respectively. This would be by far the largest
OR in a crystal yet measured and the most anisotropic. On the
other hand, the OR of glasses of PLLA were only 1.0—1.7°/mm
at 25 °C,* values we confirmed by MM. The average of a very
great value and two small values would still be quite large. The
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Figure 5. (a—c) Diagram showing oblique light path through a spher-
ulite. (a) Normal to the spherulite. (b) Along the light path. (c)
Perpendicular to the spherulite. As the light propagates through the
material, the refractive index alignment rotates due to the inclined light
path interacting with the radial structure. (d) The calculated |LB| in
radians (4 = 590 nm) of a spherulite with principal refractive indices of
[1.45,1.46,1.55] that was 8 um thick with a diameter of 100 #m at an angle
of incidence of —45° and numerically estimated with 20 layers. (e)
Calculated CB (deg). The central regions in d,e have been obscured since
the model in the very center becomes unphysical. Lamellae occupy the
same space in the model at the core. The layers in the computation have a
finite thickness. Moreover, the centers of the spherulites are typically less
well organized. See AFM comparison in the Supporting Information.

discrepancy between glasses and crystals was explained by the
earlier researchers on the basis of conformation selection boost-
ing crystalline OR. In our polycrystalline PLA, we observed OR
of +3°/um (Figure 3d,e,gh) or £3 x 10° °/mm, comparable to
the values for the ostensible single crystals. We thus conjecture
that the PLA single crystals observed previously may not have
been single but more likely twinned anisotropic lamellae with
nonparallel extinction directions; the Bragg peaks in the wide-
angle X-ray diffractograms showed considerable arcing.**

Authors commonly refer to ‘natural optical activity’ meaning
CB or circular dichroism that is expressed by molecules dissolved
in solution. This implies that there is a lesser, ‘non-natural’ optical
activity that in the past we have described as artifactual.” Of
course, what is normal or natural depends entirely on our
experiences. Two centuries focused on isotropic media homo-
geneous along the light path have colored our outlook on optical
activity. Based on our experience here, it is preferable to merely
distinguish those systems that show CB from those that do not.
The model one chooses to explain CB is a matter for individual
investigators in particular circumstances. But, from an experi-
mental point of view, it makes little sense to qualify CB as natural
or otherwise. In principle, molecular and mesoscale CB can be
separated with a more sensititve polarimeter based on photo-
elastic modulation currently under construction.

B ASSOCIATED CONTENT

© Supporting Information. Outline of optical model, Ma-
tlab implementation, and representative atomic force micrographs.
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B NOTE ADDED IN PROOF

According to a recent report (Wasanasuk, K.; Tashiro, K;
Hanesaka, M.; Ohhara, T.; Kurihara, K.; Kuroki, R.; Tamada, T.;
Ozeki, T.; Kanamoto, T. Macromol. Articles ASAP, DOI: 10.1021/
ma2006624) wide-angle X-ray diffraction data for PLLA is more
consistent with the space group P12,1 rather than P2,2,2,. This
slight revision of the symmetry of the crystalline polymers
studied here has no bearing on our results or conclusions.
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