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ABSTRACT: The 3D molecular orientations of polymer chains
are imaged and compared for a quiescent spherulite region and a
shear-deformed region of a semicrystalline poly(e-caprolactone)
film. To acquire the images of 3D orientation, we used a newly
developed hyperspectral imaging method based on the orthogonal-
pair polarization IR (OPPIR) analysis. Polymer chains in
spherulites are azimuthally aligned perpendicular to the crystal
growth direction and axially tilted from the film normal direction.
By contrast, polymer chains in a sheared region are azimuthally
aligned along the shear direction but axially tilted from the shear
direction. The unexpected out-of-plane tilted orientation indicates
that orientational relaxation followed shear deformation and
occurred predominantly in the out-of-plane direction. Further-
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more, incorporating peak deconvolution into the OPPIR analysis shows that the crystalline and amorphous chains are oriented
aligned at different angles, possibly due to different orientational relaxation between the two chain configurations.

B INTRODUCTION

Mechanical shape deformation of polymers can accompany
significant changes in molecular orientation, and the
anisotropic alignment of polymer chains often occurs in
three dlmenswns (3D) and heterogeneously at different length
scales.'™® Accurate measurements of molecular orientation
with a sufliciently high spatial resolution will facilitate a better
understanding of the structure—property relationship of
polymers and thus will advance the manufacturing productivity
of high-performance materials. However, conventional tomo-
graphic methods for 3D orientation measurement,” e.g,, X-ray
scattermg S transmission electron microscopy (TEM) dif-
fraction,”” and sample-tilting infrared (IR) dichroism,”™"" are
not suitable for large-area imaging because of sample tilting. By
contrast, other imaging methods with high resolving power
have been developed to map the molecular orientation by
detecting polarization controlled optical signals, such as
fluorescence,'*"* second harmonlc generatlon,I4 Raman
scattering,ls_l and IR absorptlon However, the single-
mode 2D-projected orientation approaches cannot determine
the out-of-plane angle of molecular orientation and thus
cannot provide accurate 3D orientational information; there-
fore, they can be used as quantitative measurement tools only
when the molecular symmetry axis is confirmed to lie in the
plane normal to the light g)ropagatlon direction, e.g., fibers™*
and highly stretched films.

IR microscopy can be used for label-free chemical imaging
by detecting fingerprint modes of intrinsic molecules in various
materials, such as biological tissues,” biopolymers,20 and
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polymer films.”' ~** Additionally, the quantitative nature of the
IR absorbance allows for mapping of absolute concentration
and polarization anisotropy that can be interlaboratory
comparable and traceable. In the past decades, quantum
cascade lasers (QCL) have been developed to provide a high-
intensity monochromatic mid- and far-IR light and used for
high-throughput polarization IR imaging.’*° Recently, an
algorithm was theoretically proposed to determine the 3D
orientation angle by concurrently analyzing the 2D-projected
polarization anisotropy of a pair of orthogonal IR transition
dipoles.”” Later, the orthogonal-pair polarization IR (OPPIR)
method was experimentally demonstrated™® for imaging the 3D
molecular orientations in spherulites of a poly(e-caprolactone)
film. In this paper, we advanced the OPPIR imaging method to
study the structural change occurring upon mechanical
deformation of the semicrystalline polymer film. The paper
provides a statistical analysis of chain orientations before and
after shear deformation and in-depth spectral deconvolution of
vibrational modes into the crystalline and amorphous chains.
Based on the newly accessible results, we discuss the polymer
physics associated with shear deformation, including out-of-
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plane chain alignment and orientational relaxation in the shear-
deformed polymer film.

B MATERIALS AND METHODS

Sample Preparation. Poly(&-caprolactone) (PCL, M, = 70,000—
90,000, Aldrich) was dissolved in chloroform for a (3 mass %)
solution. The solution was spin-cast onto a cover glass at 2000 rpm
for 30 s. The film was annealed at 70 °C and cooled to room
temperature, which was repeated three times. The PCL thin film was
transferred to a CaF, window. A corner of the PCL film was sheared
by pressing/spreading with a gently applied force with an edge of a
glass slide. The thickness of the quiescent spherulite region was (5.5 +
0.5) pm, and the thickness of the sheared region was (1.0 + 0.1) ym.

Polarization IR Image Acquisition. The polarization-controlled
hyperspectral IR microscopy system was described elsewhere.”® (See
Figure la for the schematic illustration.) Briefly, the PCL film was
imaged with a wide-field QCL-IR microscope (Spero, Daylight
Solutions, Inc,, San Diego, USA). Linearly polarized incident light
passed through an achromatic IR half-wave plate (XCN, Gooch &
Housego) mounted to a computer-controlled rotation stage. The
overall polarization performance of the system, including the
achromatic half-wave plate, was tested by inserting a polarizer at the
sample location (see Figure S1). The relative offset (=Tin/Timax)s
where T is the transmittance, was smaller than 0.02, and the phase
angle variation was narrower than 2° over the entire reference
polarizer image measured at 1500 cm ™. The maximum relative offset
was 0.03 over the entire wavelength range. A wide-field IR image was
collected in transmission mode at each frequency while scanning the
frequency from 1794 to 1000 cm™ with a 2 cm™ increment. An
objective lens with 0.7 NA produced 650 um field-of-view, 1.4 um
pixel size, 480 X 480 pixels, and diffraction-limited spatial resolution
of approximately S ym. At a single location, 24 hyperspectral images
were acquired as the achromatic waveplate was rotated to move by an
8° increment in a polarization angle over 180°. For the reference
measurement, the sample stage was translated to image a blank area of
a pristine portion of the CaF, substrate at each polarization angle. For
a set of wide-field hyperspectral polarization images at a location, the
total acquisition time for 398 frequency increments and 24
polarization steps was 44 min. The whole beam path from the laser
to the detector inside the microscope enclosure was purged with dry
nitrogen during image acquisition.

B RESULTS AND DISCUSSION

Figure 1b shows the monomer structure of PCL, which was
used to make a semicrystalline polymer film. A part of the
spun-cast PCL film was sheared by pressing/spreading with a
gently applied force with an edge of a glass slide, as displayed
in Figure 1c. The low-magnification image of Figure 1d shows
that the quiescent and the sheared regions are different in
morphology. To investigate the difference in molecular
orientation between the quiescent and the sheared regions,
we focused on three adjacent rectangular areas, denoted as Q
(quiescent), M (mixed), and S (sheared) at the boundary.
Figure 1e—g shows the high-magnification images of the Q, M,
and S regions, respectively, constructed with the mean
absorbance over the entire frequency range. In the Q region,
individual spherulite domains are identifiable by the
boundaries and the nucleation centers. Despite shear
deformation in the S region, the domains still remain
recognizable as elongated traces along the shearing direction.
The observed aspect ratio of the elongated domain traces is
approximately five. This aspect ratio is similar to the separately
measured thickness ratio between the quiescent region of (5.5
+ 0.5) pum thickness and the thinned sheared region of (1.0 +
0.1) um thickness, indicating that the Poisson contraction
occurred in the film’s normal direction.
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Figure 1. (a) Schematic illustration of the QCL-based wide-field
polarization-controlled infrared microscope, where S denotes the
sample; CL denotes the condenser lens; and OL denotes the objective
lens. (b) Monomer structure of PCL and three representative
vibrational modes. (c) Illustration of shearing the PCL film with the
edge of a glass slide. (d) Large-area IR absorbance image of a partially
shear-deformed PCL film at 1240 cm™'. (e—g) Mean absorbance
images over the entire scanning frequency range from 1000 to 1794
em™" of the square sections labeled in (d) as Q (quiescent), M
(mixed), and S (sheared). The frequency-averaged absorbance images
were acquired by linearly polarized light along the vertical axis.
Composite images of the enlarged part of (h) Q region and (i) S
region, constructed by absorptances at 1244 cm™ (¢(COC), red) and
1730 cm™" (¥(C=0), green) by vertical and horizontal polarizations
(the white arrows). The absorptance at each pixel was calculated from
the baseline detrended absorbance spectrum. The vertically displaced
scale bars on the right side of each composite image pair represent the
absorptance scale used for the composite images. (j) Polarization-
dependent absorptance spectra at the “+” mark in the Q region. (k)
Polarization profiles of the absorptances measured at the frequencies
corresponding to the #(COC) mode at 1244 cm™, the 5(CH,) mode
at 1470 cm™, and the ¥(C=0) mode at 1730 cm™" at the same
location as (j). 7 denotes the polarization angle of the incident light
from the x-axis. (1) Polarization-dependent absorptance spectra at the
“Xx” mark in the S region. (m) Polarization profiles of the
absorptances measured at the three frequencies at the same location

as (1).
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Figure 2. Schematic presentation of the OPPIR method to determine the 3D orientation angles and the order parameter. The transition dipole of
the primary IR mode is parallel to the chain direction, and the transition dipole of the secondary mode is perpendicular to the chain direction. The
IR absorptances (a; and a,) of the two modes are measured as a function of polarization angle. The polarization anisotropies of the two modes (r,
and r,) are converted into 0] and (P,) with eqs 3 and 4. The phase angle of the primary mode (the black vertical arrow) is used to determine y. A
unit cell of crystalline PCL consists of two groups of orientations. Their molecular planes (blue arrows) are oriented in two nearly orthogonal

directions, while the main chains (red arrows) are parallel.

Figure 1h,i shows the composite images constructed by two
specific frequencies corresponding to the C—O—C stretching
mode, (COC) at 1244 cm™’, and the C=0 stretching mode,
v(C=0) at 1730 cm™". Unlike the frequency-averaged images
of the Q region (Figure le), the composite image pair (Figure
1h) shows distinct anisotropic features: (a) a bow-tie pattern
appears symmetrically around the nucleation center of a
spherulite, (b) the bow-tie patterns are complementary
between the (C=0) (green) and the v(COC) (red), and
(c) the entire pattern rotates by 90° between the vertical and
horizontal polarization directions. These symmetrical features
in the Q region strongly suggest that molecular alignment in a
spherulite has a radial symmetry around the nucleation center.
By contrast, the bow-tie pattern disappears in the S region
(Figure 1i), suggesting that a significant change in molecular
alignment occurred upon shear deformation despite the
remaining trace of domains. The color contrast between the
two polarization images of the S region indicates that the
v(COC) mode (red) and the v(C=0) mode (green) align
parallel and perpendicular to the shearing direction,
respectively. For comparison, individual absorptance images
of ¥(COC) at 1244 cm™, (C=0) at 1730 cm™, and also
5(CH,) at 1730 cm™ are listed in Figure S2.

To determine the 3D orientation using polarization-
dependent IR absorption, we use absorptance (¢ = 1 — T)
rather than absorbance (A = —log T), where T is the
transmittance.””*® Figure 1j shows the absorptance spectra at
various polarization angles at an image pixel in the Q region.
Peaks at <1400 cm™', such as the (COC) band, decrease as
the polarization angle rotates from the x-axis (17 = 0°) to the y-
axis (7 = 90°). Other peaks at >1400 cm™’, such as the v(C=
O) band and the §(CH,) band, increase from 7 = 0 to 90°. In
Figure 1k, polarization-dependent absorptances of the three
peaks exhibit that the 2(COC) band is the maximum around 7
= 0° while the (C=0) and the 5(CH,) bands are the
maxima near 77 = 90°. The spectra and polarization profiles
observed at a pixel in the S region (Figure 11,m) also shows the
out-of-phase polarization dependence between the v(COC)
band and the other two bands of v(C=0) and §(CH,).

From both Q and S regions, the histograms of the phase
angle difference (A#,,,) of the 2(COC)—v(C=0) pair and
the (COC)—5(CH,) pair show a narrow distribution around
90°, as shown in Figure S3. Figure 1b shows that the direction
of the ¥(COC) transition dipole is parallel to the main chain,
and the v(C=O0) and &(CH,) transition dipoles are
perpendicular to the main chain. If all polymer chains are
parallel aligned, also known as the oriented-gas model, A,
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can vary without restriction depending on the Euler angles of
the chain orientation. However, the reported unit cell
geometry of crystalline PCL consists of two differently oriented
chains,””*° different from the oriented-gas model. Their main
chains are parallel to the c-axis of the unit cell, but their
molecular planes are nearly orthogonal to each other. This unit
cell geometry of orthogonal-facing chains is consistent with the
observed An,,., & 90° (see the Supporting Information).

It is noted that the maximum absorptance of the v(C=0)
band shown in Figure 1h,j is higher than 0.9 in the Q region
due to the high absorption cross section and the film thickness.
When the thickness is reduced by five times in the S region, the
absorptance becomes lower than 0.9. The threshold of a = 0.9
originates from the assumption used for analytical derivation of
the OPPIR method and potential nonlinearity of the detection
system response.”” Therefore, we use the £(C=0) peak for
3D orientation analysis only in the S region. In the Q region,
we will use the §(CH,) peak instead of the v(C=0) peak for
analysis.

A scheme of the OPPIR algorithm is presented in Figure 2,
and the detailed derivations of the OPPIR to determine the 3D
orientation angles can be found elsewhere.”””" Briefly, we
assume that the orientational distribution function (ODF) of
molecules within the probed volume is uniaxially symmetrical.
Then, the 3D orientation direction of ODF can be described
with the azimuthal angle () and the axial angle (6), and the
local orientational broadening can be represented by the order
parameter from the second-order Legendre polynomials
({(P,)). From a prior knowledge of the relative geometry of
transition dipole directions in a molecule or a unit cell, we
identify an orthogonal pair of transition dipoles: one transition
dipole parallel to the ODF symmetry axis is called the primary
mode, and the other perpendicular to the symmetry axis is
called the secondary mode.”” For the orthogonal two-chain
geometry discussed above, a(77) of both primary and secondary
modes can be expressed with the shared parameters of the
molecular symmetry axis (i, 6, and (P,)).”"**

w(n) = a;’{ (B)sin® 0 cos’(n = y) + 11 - (B) }

(1)
ay(n) = a;{%[sinz 0 sin*(n — y) + cos” 0]
1
) o

where a7, is a polarization-independent parameter dependent
on the sample density and the absorption cross section. From
eq 1, y can be directly determined from the phase angle of
a,(n). Using polarization anisotropy defined for the primary
and the secondary modes, respectively, as r; = () o/ @) min)
and 7, = (@ max/ Xy min), We can determine (P,) and sin> 6 with

nr, — 3, + 2

(B) = ———"—
nr, — 1 3)

nh—n—rn+1l

nr, — 3r, + 2 4)

.2
sin” @ =

A few notable features of the OPPIR methods are (1) a
single value of sin® 6 from eq 4 produces two indistinguishable
values of +6; (2) the absorptance measured in the trans-
mission mode reflects the averaged orientation of the

molecules within the imaging volume that the IR beam passes
through; and (3) the OPPIR analysis does not require separate
measurements of sample thickness, density, or absolute
absorption cross section because the ratios, r; and r,, used in
eqs 3 and 4 are dimensionless ratios.

We use the OPPIR algorithm to determine y, |6l, and (P,) at
each image pixel independently and construct their images.
First, the 3D orientation angles and the order parameter of the
Q_ region in Figure 3a,d,g are reproduced from the earlier

Q region

M region S region

Figure 3. 3D orientation maps calculated from Q, M, and S regions
using the OPPIR method. (a—c) Azimuthal angle () images
determined by the polarization angle corresponding to @; . (d—f)
Axial angle (101) images calculated with eq 4. Image pixels outside the
range of 0 < sin? @ < 1 are colored as violet. (g—i) Order parameter
({P,)) images calculated by eq 3. Image pixels outside the range 0 <
(P,) <1 are colored as violet. (j) Illustration of chain orientations
inside a spherulite in the Q region. The cone represents orientational
broadening for (P,). (k) Illustration of chain orientations in the S
region. The figures of (a, d, g j) from the Q region are the
reprocessed OPPIR results using the identical original data of ref 28.

results.”® Briefly, the y image of Figure 3a shows that PCL
chain projections to the polarization plane are symmetrically
aligned tangential to circumferences from the nucleation center
of each spherulite. This result of the tangential alignment of
the azimuthal angles is similar to the earlier report on 2D-
projected golarization IR images of nonbanded PCL
spherulites.”” The 16l image in Figure 3d appears nearly
uniform overall except for the nucleation centers and the
spherulite boundaries, where the ODF are considered to be
non-uniaxial and out of the scope of the OPPIR algorithm.
Similar to the |0l image, the (P,) image in Figure 3g looks flat
over the crystal growth region except for the outlier pixels. The
values of y, 16l, and (P,) from all pixels (480 X 480 pixels) in
the Q region are summarized in the histograms shown in
Figure 4a—c. Unlike the isotropically distributed y, the
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Figure 4. Histograms of the y; |0], and (P,) values in Q, M, and §
regions. In the M region, the image pixels corresponding to the
quiescent (light blue) and the sheared (light orange) areas are
separately counted. In all regions, the 1(COC) peak was used as the
primary mode. The §(CH,) peak was used as the secondary mode for
the Q and M regions, while the (C=0) peak was used as the
secondary mode for the S region.

distribution of 16l is narrow with the median value of 52° and
the full-width-half-maximum (fwhm) of 8°. Using the
tangential y and the median values of 16, the chain orientation
in a spherulite is illustrated in Figure 3j.

The molecular alignment in the S region is quite different
from that in the Q region. The homogeneous ¥ image in
Figure 3¢ and the narrow distribution in the y histogram in
Figure 4g indicate that the projections of polymer chains are
aligned along the shear direction (& the x-axis). Similar to the
y image, the 10| image in Figure 3f looks homogeneous, and
the 16l histogram in Figure 4h shows a narrow distribution.
However, the median value of 16| indicates that the chains are
not aligned parallel to the shearing direction but deviated by
38° (16 = 52°) from the film plane. From the median values of
y and |0 of the S region, the orientation of PCL chains in the
sheared film is illustrated in Figure 3k. This out-of-plane
orientation in the S region will be discussed later in connection
with orientational relaxation. Similar to the y and 10| images,
the (P,) image of the S region in Figure 3i also does not
indicate any memory of the spherulite domains, although the
traces appear in the absorption image in Figure 1g. The (P,)
histogram in Figure 4i shows that shear deformation increased
the median (P,) from 0.51 (Q region) to 0.84 (S region),
indicating that polymer chains become more tightly aligned
around the mean orientation of the local ODF.

The M region can be divided into two distinct areas:
quiescent (Q:-like) and shear-deformed (S-like) areas. The
OPPIR analysis for M region employed the §(CH,) peak as
the secondary mode because the absorptance of the v(C=0)
peak is too high in the Q-like area. However, the 5(CH,) peak
is more susceptible to spectral interference than the highly
absorbing v(C=0) peak. Spectral interference, which is
observed as the fringes in Figure 3, is caused by the light

interferences reflected from multiple interfaces of the film and
the substrate.”’ > Since interference depends on the wave-
length and the gap between reflecting surfaces, the fringes
occur in both the spectrum and the space, making it difficult to
remove with a simple numerical method. Overall, the 3D
orientation results of the Q-like and S-like areas in the M
region can be considered as the continuation of the
neighboring Q and § regions, respectively. The sharp transition
(<10 pm) from Q-like to S-like areas suggests that the PCL
structural deformation occurred only where the shearing force
was applied. The clear division of the M region into the Q-like
and S-like orientations can be found in the histograms in
Figure 4d—f. The distributions of the image pixels in the Q-like
area (the light blue bars) are similar to the corresponding
distributions of the Q region (Figure 4a—c), and the
distributions of the S-like area (the light orange bars) are
similar to the corresponding distributions of the S region
(Figure 4g—i). It is noted that the 0] and (P,) distributions of
the S-like area in the M region are shifted from and broader
than the corresponding distributions of the S region because of
the different peaks used for the secondary mode.

Because the sample was sheared above PCL'’s glass transition
temperature (209 K),”* the molten entangled amorphous
polymer chains, strain transmitters, and crystal lamellae in
spherulites are expected to realign so that the projection of the
chains to the film surface is parallel to the stretching direction.
Because of the low shear rate, the lamellae are primarily
expected to rotate. However, they can also undergo the
increasingly severe deformation mechanisms of crystal slip,
crystal fragmentation, and chain pullout, with the latter
expected to result in a decrease in crystallinity.>*® Regardless,
when the shear force stretches the PCL thin film, the individual
polymer chains are translated far from the original locations
and later become stabilized or recrystallized. Unlike stretching
in a free-standing polymer film, the stretching by shearing
breaks the symmetry in the normal direction of the film, which
may cause the mean chain orientation to deviate from the
plane. A different stretching condition could have resulted in
different orientation angles and order parameters.

In Figure 3, some image pixels near spherulite centers and
boundaries in the Q region have unreal values of 8 and (P,)
from eqs 3 and 4. Multiple possible origins of the failing
OPPIR calculation were discussed in the earlier paper.”
Among them, non-uniaxial orientation distributions showed
consistent results with simulations performed with two
coexisting orientation distributions of nonparallel azimuthal
angles. In contrast to the domain-structured Q region, there
are no pixels with unreal values of 6 and (P,) in the S region,
which suggests that the shearing deformation makes the
molecular orientation more uniform macroscopically. The
macroscopic (at a longer length scale than the image
resolution) homogeneity is consistent with the narrow
distribution of (P,) in Figure 4i. The orientational homoge-
neity enhanced by shearing deformation can also be found
microscopically (smaller than the image resolution) because
the mean (P,) is higher in the S region than in the Q region.

Previous IR spectroscopic studies of PCL showed that
several IR peaks could be deconvoluted into subbands
corresponding to the crystalline and amorphous configura-
tions.””*® We focus on the #(C=0) peak and v(COC) peak,
which we used for the OPPIR for the S region. We analyze the
v(C=0) peak and the £(COC) peak in the ensemble spectra
as a function of polarization angle by two-dimensional
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Figure S. 3D orientations of crystalline and amorphous chains in the S region. (a) Asynchronous 2DCOS map of the v(C=0) peak with respect
to the polarization angle. (b ,c) Absorbance spectra (dotted) ensemble-averaged over the S region at two representative polarization angles for the
1(C=0) mode. Each peak is fitted with two Gaussian functions: the red curve, centering at 1726 cm™" (fwhm = 16 cm™"), corresponds to the
crystalline phase; and the blue curve, at 1736 cm™" (fwhm = 18 cm™"), corresponds to the amorphous phase. (d) Ensemble-averaged absorptance
of the crystalline and the amorphous functions of the ¥(C=0) mode as a function of #’. (e) Asynchronous 2DCOS map of the 1(COC) peak. (f,
g) Ensemble-averaged absorptance spectra (dotted) for the »(COC) mode at two different polarization angles. Each peak is fitted with two
Gaussian functions: the red curve, centering at 1242 cm™"' (fwhm = 14 cm™), corresponds to the crystalline phase; and the blue curve, at 1236
cm ™ (fwhm = 15 cm™), corresponds to the amorphous phase. (h) Ensemble-averaged absorptance of the crystalline and the amorphous functions
of the ¥(COC) mode as a function of #’. (i—k) Histograms of y, |6l, and (P,), respectively, of the crystalline and the amorphous chains. (1-n)

Histograms of (w. — y,), (16 —160,1), and ({P,).

— (P,),), respectively. (o) Top view and (p) side view of crystalline and the amorphous chains

coexisting in the S region. The y, 6, and (P,) values of each configuration are taken from the median values in the histograms of (i—k).

correlation spectroscopy (2DCOS), which can be used to
resolve peaks without a priori knowledge of the position and
the shape of underlying peaks.’”*’ Two unambiguous spectral
components in the 2DCOS asynchronous maps of Figure Sa,e
indicate that two embedded subcomponents respond to the
rotating polarization angle differently. Earlier IR measurements
of PCL*®*" show that the v(C=0) peak downshifts, and the
v(COC) peak upshifts when cooled from the melt state to the
semicrystalline state. Therefore, we deconvoluted the v(C=
0) and v(COC) peaks with two underlying components to
determine the chain orientations in the crystalline and the
amorphous configurations separately. Figure Sb,c shows that
the 2(C=0) spectra ensemble-averaged over the S region at
two polarization angles can be deconvoluted into two Gaussian
functions with center positions and widths unvarying with
respect to the polarization angle. For the peak fitting, we used
absorbance spectra instead of absorptance because absorbance
of multiple components can be expressed as the sum of the
absorbances of the subcomponents. The underlying Gaussian
function centered at 1726 cm™' corresponds to the IR
absorption of the crystalline configuration, v ,(C=0), while
the other function centered at 1736 cm™" corresponds to that

of the amorphous configuration, v,(C=0). Similarly, the
v(COC) peak is deconvoluted into two Gaussian functions,
shown in Figure 4f,g. The Gaussian function centered at 1242
cm™" corresponds to the crystalline configuration, v.(COC),
and the function at 1236 cm™" corresponds to the amorphous
configuration, v,(COC).

The ratio of the underlying peak areas from IR and Raman
has been used to measure the crystallinity of polymers non-
invasively.””~** Similarly, we define IR crystallinity as yx = A/
(A. + A,), where A_ and A, are the areas of the crystalline and
amorphous components, respectively. When we used the
polarization-angle-averaged and ensemble-averaged spectrum
to calculate yp, the results are (y;r (C=0)) = (56 + 3)% and
{rr (COC)) = (58 + 5)%. The uncertainties in yz indicate
the standard deviation calculated from five different parameters
that produce visually acceptable fitting results (Table S1).
These spectrally determined crystallinities are similar to
reported values for similarly prepared PCL films.***** We
compare the IR crystallinities with the thermodynamic
crystallinity, which we measured using differential scanning
calorimetry (DSC) on a similarly sheared piece from an
identically prepared film (Figure S4). The measured
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thermodynamic mass fraction crystallinity, ypsc = (49 =+ 3)%,
where the uncertainty was estimated from previous measure-
ments of similar samples, is consistent with the yp values
obtained from this work.

Since both the primary and the secondary modes in the S
region can be spectrally deconvoluted into the crystalline and
the amorphous configurations, we determine the 3D
orientations of the crystalline and the amorphous chains
separately. The mean absorptances, a. and a,, of the crystalline
and the amorphous chains, respectively, are calculated and
plotted as a function of polarization angle in Figure 5d,h. We
determine the 3D orientation angles and the order parameter
using the OPPIR algorithm for the crystalline and the
amorphous components separately at each image pixel in the
S region.

Figure Si—k shows the histograms of y;, 16l, and (P,) of the
crystalline and the amorphous chains. In all histograms, the
crystalline and the amorphous chains show similar widths but
shifted distributions. The distributions of y, and y, in Figure 5i
are separated by 4.0°, which is consistent with the median
value of the (y, — w,) distribution in Figure Sl. Interestingly,
the (w, — y,) distribution (fwhm = 3.2°) in Figure 5] is much
narrower than the individual w, (fwhm = 7.1°) and y,
distributions (fwhm = 9.1°) in Figure 4i. The distributions
of 16| and 16,] in Figure 5j are more clearly separated than
those of y, and y, in Figure Si. 10| = 54° is larger than 10,| =
39°. Similar to the (y. — y,) distribution, the (16 — 16,])
distribution in Figure Sm exhibits a smaller fwhm (=5.5°) than
the individual fwhms of 6.2 and 6.5° for 16| and 16,,
respectively. Overall, although the crystalline and the
amorphous chains are differently oriented in both y and 16|,
the two types of chains are locally correlated within the probed
focus volume than the large area heterogeneity in the S region.
Figure Sk shows that (P,). is slightly higher than (P,),
indicating that the ODF of the crystalline chains is narrower
than the ODF of the amorphous chains within the focus
volume. Unlike the narrow distributions of (y. — y,) and (10
— 16,]), the distribution of the ({P,). — (P,),) in Figure Sn is
not narrower than the individual distributions, indicating that
the local orientational broadenings are not as correlated as the
local orientation directions of the crystalline and the
amorphous chains.

Figure So illustrates the top view of the orientations of
crystalline and amorphous chains and displays azimuthal
zigzags by 4° between y, and y, A more noteworthy
difference between the crystalline and the amorphous chain
orientations can be found in the side view of Figure Sp. From
6. = 54° and 16, = 39°, multiple combinations of 6. and 6, are
possible. If all existing 6. and 6, have the same signs, the overall
chain direction including both crystalline and amorphous
chains will either go upward (0, = +54°% 6, = +39°) or
downward (6. = —54°; 0, = —39°). Alternatively, if 6. and 6,
may have the opposite signs, as presented in Figure Sp, the
overall chain direction will become nearly parallel to the shear
direction.

We consider the transient alignment of PCL chains during
shear in connection with the final alignment after relaxation to
the nonspherulitic semicrystalline phase. Because the
distribution in the sheared film became conspicuously
narrower compared to the quiescent spherulite region, we
can assume that the deformation force made the whole chains
aligned along the shear direction while being sheared. During
relaxation, some chains crystallized while the others remained

in the amorphous configuration. At the same time, the
crystalline and the amorphous chains were reoriented,
deviating from the shear direction. If the reorientation during
relaxation was local, the final overall chain orientation should
not be very different from the shear direction, which would
explain the opposite signs for (6. vs 6,) and (y. vs w,).
Interestingly, the chain reorientation during relaxation
occurred primarily along the out-of-plane direction () rather
than the in-plane direction (y), which indicates that the
relaxation results in more film thickening than film widening.
The OPPIR of the spectrally resolved peaks allows us to
understand the detailed molecular orientations of the
crystalline and amorphous chains and the shear-relaxation
mechanism.

The crystalline phase consists of highly ordered lamellae,
where polymer chains are tightly packed and folded.
Depending on crystallization conditions and molecular
structures, the lamellae form spherulites or loosely connected
parallel stacks. The arrangement and geometry of the lamellae
significantly affect the macroscopic properties of the bulk
polymer. Based on the chain-observed orientations, we discuss
lamella orientations in the Q and S regions. The simplest and
broadly adopted model is the “normal-chain” model,*® where
polymer chains are aligned normal to the lamella plane. In this
model, the orientation of lamella planes is unambiguously
determined by the chain orientation. Figure SS5a illustrates a
stack of lamellae and polymer chains in a spherulite for the
normal-chain model, where the lamellae are tilted by 6. In a
sheared film, the lamellae are leaning toward or away from the
shear direction. An alternative model is the “tilted-chain”
model, where the polymer chains are tilted by a certain angle
to the lamella plane.””** A couple of lamella schemes based on
the tilted-chain model can be found in Figure SSb. Although
the absolute orientation of lamellae and the relative chain
tilting will require additional independent characterization
methods, these 3D chain orientation results can provide a
critical piece of information about the hierarchical polymer
structure and the mechanisms behind the crystal growth in a
spherulite and the recrystallization after mechanical deforma-
tions.

B CONCLUSIONS

We have demonstrated that a new optical imaging technique
based on the OPPIR can determine the 3D angles and the
order parameter of the molecular orientation at each image
pixel from the polarization-dependent absorption of two
orthogonal IR modes. The 3D orientation maps of polymer
chains in a quiescent region and a shear-deformed region of a
PCL film were constructed from hyperspectral data measured
using a high-throughput polarization-controlled wide-field
QCL-IR microscope. We compared the images of the 3D
angles and the order parameter of the polymer chain
orientation before and after shearing. The newly revealed
molecular information allowed us to discuss the mechanisms of
mechanical deformation and configurational relaxation occur-
ring in hierarchical molecular structures. This versatile imaging
approach is a substantial advancement from existing, restrictive
tomographic techniques and is, thus, capable of broadly
advancing the understanding of the structure—property
relations in natural and synthetic materials.
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