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’ INTRODUCTION

The Fourier transform infrared spectroscopic imaging (FT-IR
imaging) method enables “chemical imaging” by combining the
spectral and spatial information. The apparatus of FT-IR imaging
usually consists of an infrared microscope, a step-scan spectro-
meter, and a focal plane array (FPA) with a photoconductive
sensor of mercury cadmium telluride (HgCdTe (MCT)).1,2 This
method renders images consisting of chemical information from
all pixels covering the measuring areas at the same time, and
thousands of infrared spectra can be acquired at a spatial resolu-
tion near to the diffraction limit in a fewminutes.1,2 A linear sensor
can also perform FT-IR imaging by a raster scanning.3

FT-IR imaging method has been applied to various samples.
Koenig et al. investigated the polymer dissolution process,4�8 the
polymer dispersed liquid crystals,9�11 and nematic liquid crystals.12

The interface of fiber/epoxy composites,13,14 the polymerization
process of hydrogel,15�17 the phase separate from polymer blends
systems,18�21 the cross section of multilayer films,21,22 the crystal-
linity distribution of injection-molded films,23 and the material
distribution near the surface of self-stratified film24 were visualized
by the FT-IR imaging method. Furthermore, the attenuated total
reflection (ATR)-FT-IR imaging method with a FPA25,26 or a
linear array27 sensor has been reported since a decade ago. The
spatial resolution of ATR-FT-IR imagingmethod is higher than the
transmission method of FT-IR imaging because the ATR crystal
has a higher refractive index.28,29 Kazarian et al. applied this method
to the polymer films processed under the high-pressure or super-
critical CO2,

30�32 and the dissolution process of drugs.33�35

On the other hand, the infrared spectroscopy measured with a
polarized incident light can estimate the molecular orientation in
the anisotropic materials using the infrared dichroism.36,37 The
dichroic ratio and the Hermans orientation function are usually
used for the quantitative analysis of molecular orientation.44�46

Therefore, FT-IR imaging combined with a linear polarized
incident light offers a possibility to visualize the anisotropic
distribution and the chemical information, simultaneously. Vogel
et al. reported that the distribution of molecular orientation with
chemical information in uniaxially drawn polymer films.18,19,38,39

Several groups investigated anisotropic polymer samples by FT-
IR imaging, such as spherulites,40�42 the laminated film,3 the cross
section of the carbonated drink bottle,21 and the epoxy resins
filled with particles.43 However, the analytic method using a pair
of orthogonal polarizations is not always suitable to visualize the
degree of molecular orientation because the dichroic ratio and
Hermans orientation function depend on the direction of the
incident linear polarization, as is seen in the apparently nonor-
ientation areas in a PCL (poly-ε-caprolactone) spherulite.41

We propose the mathematical procedure to visualize the
degree of molecular orientation and the azimuth angle of the
orientation axis using the polarized absorbance images measured
with a linear polarizer settled at four different angles. It mathe-
matically synthesizes in-plane orientation function that is inde-
pendent of the direction of the incident linear polarization. The
local deformation of the uniaxially drawn fiber composite film is
visualized with the magnitude image of the orientation function
and the azimuth angle image of the orientation axis.

’EXPERIMENTAL SECTION

The single ultrahigh molecular weight polyethylene (PE) fiber
(Dyneema, Toyobo Co., Ltd.) was put between the low-density poly-
ethylene (LDPE; grade: 68, Mitsui Chemicals) films and hot pressed
at 125 �C. The LDPE/PE fiber composite film was sized 20 μm
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ABSTRACT: The FT-IR imaging method has been applied to
acquire thousands of infrared spectra at a spatial resolution near
the diffraction limit using an IR image sensor. We propose the
mathematical procedure to visualize the degree of molecular
orientation and the azimuth angle of the orientation axis using
the polarized absorbance images measured with a linear polar-
izer settled at four different angles. It mathematically synthesizes
in-plane orientation function that is independent of the direc-
tion of the incident polarization and visualizes the molecular
orientation and the azimuth angle using an IR imaging sensor.
By introducing the azimuth angle image, a small change of the molecular orientation can be detected visually in the early stage of
local deformation of the uniaxially drawn process of the polyethylene composite film.
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thickness, 15 mm long and 8 mm wide. The LDPE/PE fiber composite
film was uniaxially drawn by a miniaturized stretching machine at the
strain rate of 1%/s.
The Fourier transform infrared spectroscopic imaging (FT-IR imagi-

ng) method was performed by using Spectrum Spotlight 300
(PerkinElmer Inc.), which consists of Fourier transform infrared spectro-
meter (Spectrum One, PerkinElmer Inc.), an infrared microscope, the
automatic X-Y-Z stage with a sample holder, and mercury cadmium
telluride (MCT) detectors aligned as an array of 16 � 1 device. The
sample is put on the stage with applying certain tensile strains, and
infrared absorption images around the fiber end in the LDPE/PE fiber
composite film were obtained by a raster scanning in X-Y directions.
Infrared spectra wasmeasured with transmissionmode, 4000�650 cm�1

spectral region, 4 cm�1 spectral resolution, and 16 scans. The imaging
pixel size is 6.25 μm � 6.25 μm. In order to produce the image with a
polarized irradiation, a gold wire-grid polarizer was mounted between the
sample and the detector. The drawing direction was set corresponding to
the polarizer angle 0�. In order to remove the influence of baseline
fluctuation, the absorption bands in all spectra are corrected by the
subtraction of baseline before calculating the molecular orientation.

’MATHEMATICAL PROCEDURE

In order to obtain the degree of molecular orientation by
infrared spectroscopy, the measurement with a pair of orthogo-
nal polarizations is usually performed.44�46 Here, these polariza-
tions are called as the “parallel polarization” and “perpendicular
polarization”. The dichroic ratio D is defined as

D ¼ A )

A^
ð1Þ

where A ) and A^ are the absorbance measured under a parallel
and a perpendicular polarization, respectively. The second mo-
ment of orientation distribution function, which is called “Her-
mans orientation function” f, is related to the dichroic ratio44,45

f ¼ 3 cos2 θh i�1
2

¼ D� 1
Dþ 2

2
3 cos2 R�1

ð2Þ

where θ is the angle between the orientation axis X3 and the
chain axis z and R is the angle between the chain axis z and the
transition dipole momentM (shown in Figure 1). The angleR is
unique to each absorbance band, and ifR is smaller than (1/

√
3)

(=54.73�), it is defined as a parallel band, and if it is larger, it
is a perpendicular band.45,46 In the case of uniaxially oriented

samples, the polarizations parallel and perpendicular to the
orientation axis are adopted to calculate dichroic ratio and
Hermans orientation function. The range of dichroic ratio and
Hermans orientation function are allowed from 0 to¥ and�0.5
to 1, respectively. When the parallel polarization corresponds
perfectly to the orientation axis, Hermans orientation function
exhibits the maximum value, but if imperfectly, the obtained
value will be smaller. For example, if the direction of parallel
polarization forms 45� with the orientation axis, Hermans
orientation function will exhibit 0; in other words, the aniso-
tropic sample is apparently detected as isotropic. It sometimes
causes a serious misunderstanding when the molecular orienta-
tion is visualized by using FT-IR imaging method as
indicated below.

Figure 2 shows the distribution of Hermans orientation
function at 720 cm�1 calculated from two pairs of the orthogonal
polarized absorbances: (a) A0 and A90 and (b) Aþ45 and A�45

using eqs 1 and 2 near the fiber end in the LDPE/PE fiber
composite sample at 11% tensile strain. Here, we assume that
A ) =A0 in Figure 2a and A ) =Aþ45 in Figure 2b, respectively. The
value of each pixel is expressed as the false color image with a
color bar at the right side. The calculated imaging results in
Figure 2 obviously visualize the different patterns of orientation
function, in which the molecular orientation in the direction
inclining(45� from the drawing direction is not clearly observed
in Figure 2a, and vice versa in Figure 2b. It indicates that
Hermans orientation function does not fix the magnitude image
of in-plane molecular orientation when it is determined only with
a pair of orthogonal polarized absorbance.

In order to define the degree of in-plane molecular orientation
by the FT-IR imaging method, the direction of orientation axis
(X3 in Figure 1) in the sample plane must be determined at each
pixel. Here, we introduce the mathematical algorithm in order to
determine the “in-plane orientation function” for the estimation

Figure 1. Schematic diagram of the axes O�X1X2X3 relative to the
orientation distribution of the chain axis z and the axesO�xyz relative to
the orientation distribution of transition dipole moment M within a
uniaxially oriented sample.

Figure 2. FT-IR imaging results of Hermans orientation function
calculated at 720 cm�1 fromeqs 1 and 2with absorbance imagesmeasured
with a pair of linear polarizer angles (a) 0� and 90� and (b) þ45� and
�45�, respectively, applied to a polyethylene fiber composite film (a PE
fiber, Dyneema, embedded in LDPE matrix) with 11% tensile strain.
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of the degree of in-plane molecular orientation, which is inde-
pendent of the direction of the incident linear polarization.
Moreover, the “orientation azimuth angle” for estimation of
the azimuth of orientation axis X3 in the sample plane is
introduced, which expresses the polarizer angle when the in-
cident polarized radiation is parallel to the orientation axis. A pair
of “in-plane orientation function” and “orientation azimuth
angle” can be determined from four different absorbance mea-
sured under two pairs of orthogonal polarized incident radiation
that has passed through a linear polarizer settled at four different
directions.

From the principles of spectroscopy, it can be shown that the
absorbance A of polarized radiation is proportional to the square
of the dot product of the electric vector of the polarized ray, p,
with transition moment vector M for particular vibration:

A � ðp 3MÞ2 ¼ ðpM cos μÞ2 ð3Þ
where μ is the angle between M and p. The projection of M
onto the X1�X3 plane is considered and decomposed into the

components parallel to X1 and X3 (the coordinate is shown in
Figure 1). In fact, the absorbance measured under polarized
radiation corresponds to the total sum of absorbance for all
transition moments within the measurement area. If the
polarization is parallel to the orientation axis (X3), the max-
imum or minimum absorbance will be obtained at parallel
or perpendicular band, respectively. This relationship is ex-
pressed by

Aγ ¼ Amax cos
2ðγ�ψÞ þ Amin sin

2ðγ�ψÞ ð4Þ
where γ is the polarizer angle, Amax and Amin are the maximum
and minimum absorbance, respectively, and ψ is the polarizer
angle when A = Amax.

36 The relationship expressed by eq 4 is
shown in Figure 3. Equation 4 can be transformed into

Aγ ¼ Amax þ Amin

2
þ Amax� Amin

2
cos 2ðγ�ψÞ ð5Þ

Substituting four particular polarizer angles γ = 0�, þ45�, �45�,
and 90� into eq 5 and absorbance, A0, Aþ45, A�45, and A90 can be
derived as

A0 ¼ AmaxþAmin

2
þ Amax�Amin

2
cos 2ψ

A90 ¼ AmaxþAmin

2
� Amax�Amin

2
cos 2ψ

Aþ45 ¼ AmaxþAmin

2
þ Amax�Amin

2
sin 2ψ

A�45 ¼ AmaxþAmin

2
� Amax � Amin

2
sin 2ψ

ð6Þ

In order to eliminate the first term of each equation, the following
two variables are introduced:

a � A0 � A90

b � Aþ45�A�45
ð7ÞFigure 3. Schematic depiction of IR absorbance dependent on the angle

of a linear polarizer, as derived in eq 4, in the uniaxially oriented sample.

Figure 4. FT-IR imaging results of (a) in-plane orientation function, (b) orientation azimuth angle calculated at 720 cm�1 in the polyethylene fiber
composite film at 0% and 2.9% tensile strain, and (c) the image histogram of orientation azimuth angle images calculated from (b-1) with blue bars and
(b-2) with red ones.
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From here we find expressions for the maximum dichroic diff-
erence Amax � Amin and the angle ψ:

Amax � Amin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
ð8Þ

ψ ¼ 1
2
tan�1 b

a

� �
ð9Þ

For the calculation of maximum and minimum dichroic ratios,
Dmax and Dmin, respectively, following the variable c is intro-
duced:

c � A0 þ A90 þ Aþ45 þ A�45

2
ð = Amax þ AminÞ ð10Þ

Then, the maximum and the minimum dichroic ratios can be
found as

Dmax ¼ cþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p

c� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p ð11Þ

Dmin ¼ c� ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p

cþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p ð12Þ

When the incident polarization is parallel to the orientation
axis, the maximum or the minimum absorbance is obtained
with the parallel or perpendicular band, respectively. There-
fore, in the case of parallel band, the in-plane orientation
function, fΨ, is calculated from Dmax, and the orientation

azimuth angle, Ψ, corresponds to ψ

fΨ ¼ Dmax�1
Dmax þ 2

2
3 cos2 R�1

Ψ ¼ ψ
ð13aÞ

In the case of the perpendicular band, fΨ is calculated from
Dmin and Ψ corresponds to ψ þ 90�:

fΨ ¼ Dmin�1
Dminþ2

2
3 cos2 R�1

Ψ ¼ ψþ 90�
ð13bÞ

’RESULTS AND DISCUSSION

The change of molecular orientation at the fiber end in the
early stage of uniaxially drawing process is visualized in Figure 4
as the image of (a) in-plane orientation function and (b)
orientation azimuth angle, calculated with eq 13b at 720 cm�1

(CH2 rocking
47,48) under an assumption of R = 90�, before and

after applying tensile strain. In the image of orientation function
(Figures 4a-1 and 4a-2), the in-plane orientation function at the
fiber end does not change clearly before and after applying tensile
strain. On the other hand, the orientation azimuth angle calcu-
lated at 720 cm�1 shows a few more change in the matrix. Before
stretching (Figure 4b-1), the random values are seen in the pixels

Figure 5. Magnitude images of in-plane orientation function calculated at (left) 720 and (right) 730 cm�1 in the polyethylene fiber composite film at
(upper) 5.7, (middle) 8.5, and (lower) 11% tensile strain.
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of thematrix, and the green area (0�) is seen only on the fiber area
in which the molecular orientation of the fiber exists. After
applying 2.9% tensile strain (Figure 4b-2) the area of the green
color increases in the matrix. Thus, the orientation axis becomes
parallel to the drawing direction in the matrix with applying
tensile strain. In order to analyze this change quantitatively, the
image histogram of Figure 4b-1) (blue bar) and Figure 4b-2) (red
bar) is shown in Figure 4c. The x-axis corresponds to the value of

orientation azimuth angle, and the y-axis corresponds to the
number of pixels, which is proportional to the area size. The
histogram shows the random variation at 0% strain, whereas at
strain 2.9% the 0� has the maximum frequency with the variation
of (20�. The numbers of pixels whose azimuth angle is in the
range of 0��5� increases from 195 (at 0% strain) to 677 (at 2.9%
strain). The results indicate that the distribution of orientation
azimuth angle detects a small change of molecular orientation in
the early stage of drawing, which is not detected only with the
visualization of orientation function.

The in-plane orientation functions calculated from two ab-
sorption bands, 720 and 730 cm�1, are displayed in Figure 5 at
tensile strain, 5.7, 8.5, and 11%. The absorbance band was
assigned to CH2 rocking, in which the crystalline region con-
tributes to the band at 730 cm�1 and both the crystalline and
amorphous regions contribute to 720 cm�1.47,48 At the fiber end,
a characteristic localized change of matrix orientation is clearly
observed. The local high orientation area around the fiber end
corresponds to the stress concentration, and the area expands
and the magnitude of the in-plane orientation function increases
with increasing the tensile strain. Alongside the fiber, the random
orientation is kept in the matrix polyethylene. The localized
stress concentration image at the fiber end at 730 cm�1 can be
observed in the more expanded area than at 720 cm�1. The
magnitude of in-plane orientation function at 730 cm�1 is higher
than that at 720 cm�1 in each tensile strain. For the analysis of
relationship between the tensile strain and the magnitude of in-
plane orientation function, the image histogram of the orienta-
tion function at 720 and 730 cm�1 in each tensile strain is shown
in Figure 6. It is calculated from the pixels in a 350 μm� 400 μm
rectangular area whose center corresponds to the fiber end. The
histogram becomes broader with increasing the tensile strain.
This means the unevenness of matrix orientation increases. The
maximum frequency of histogram shifts from 0.10 to 0.20 at
720 cm�1 and from 0.15 to 0.33 at 730 cm�1 with increasing
tensile strain. The higher value of orientation function at
730 cm�1 indicates that the crystalline region of polyethylene
contributes to the orientation function than the amorphous
region in the earlier stage of the drawing process. This difference
has been explained by the faster relaxation of amorphous regions
than crystalline regions.52�54

Figure 6. Image histograms of in-plane orientation function in a 350 μm� 400 μm rectangular area which is centered at the fiber end. The histograms
are calculated at (left) 720 and (right) 730 cm�1 absorption bands and at (red) 5.7, (green) 8.5, and (blue) 11% tensile strain, respectively.

Figure 7. Subtraction image of the in-plane orientation function of
crystalline and amorphous region calculated from 720 and (right)
730 cm�1 with eqs 14 at (upper) 5.7, (middle) 8.5, and (lower) 11%
tensile strain.
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The subtraction image of the in-plane orientation function of
crystalline and amorphous region is displayed in Figure 7 calcu-
lated with the equation

fc � fa ¼ f730� f720
1� χc

ð14aÞ

where χc is the crystallinity defined as

χc ¼
A730

A720
ð14bÞ

and fc and fa are the orientation function of the CH2 rocking in
the crystalline and amorphous region, respectively. With increas-
ing the tensile strain, the subtracted values in the stress concen-
trated area increases except for the center area near the fiber end
in the matrix especially at 11% tensile strain. Comparing with the
fc (f730) image in Figure 5, the inhomogeneous distribution in the
subtracted image at the fiber end indirectly suggests a kind of
difference in the deformation process of molecules in crystalline
and amorphous regions just prior to the plastic deformation.

In Figure 8, the images of orientation azimuth angles are
shown at tensile strain, 5.7, 8.5, and 11% calculated from two
absorption bands at 720 and 730 cm�1. Alongside the fiber,
about (15� of the orientation azimuth angles (yellow (�15�)
and blue area (þ15�)) are clearly visualized. On the other hand,
in the left side of the fiber end, the inclination can be seen but in
the smaller area, and the green area (0�) is widely seen with
random noise. The similar shape of the distribution pattern of

orientation azimuth angle is observed at each tensile strain. The
random noise decreases and the image becomes sharp with
increasing tensile strain in Figure 8.

The shape of distributions of in-plane orientation function and
orientation azimuth angle is explained by the stress distribution in
the short fiber reinforced composite material. When it is uniaxially
drawn along the fiber, the matrix stress is transferred to the fiber by
the interfacial shear stress, particularly near the fiber ends.49�51

Therefore, the stress concentration near the fiber end induces the
local high orientation in Figure 5 and the inhomogeneous subtrac-
tion values of fc� fa in Figure 7. Alongside of the fiber, the applied
tensile stress to thematrix becomes very small and the shear stress is
applied, because the tensile stress is applied to the fiber due to the
stress transfer from thematrix to the fiber. Thus, in this area, the low
orientation of matrix polyethylene (in Figure 5) and the inclination
of the direction of orientation axis from the drawing direction (in
Figure 8) are observed.On the other hand, at the left side of the fiber
end, the matrix polyethylene is deformed only by the tensile strain,
which is larger than that of alongside the fiber. The distribution of
orientation azimuth angle around the fiber end is very similar to the
isoclinic fringe pattern in the photoelastic study.49

Figure 9 shows the images of (upper) in-plane orientation
function and (lower) orientation azimuth angle at 1464 and
1470 cm�1 (CH2 bending,

4748) under an assumption of R = 90�,
measured at 11% tensile strain. The images of orientation azimuth
angle at 1464 and 1470 cm�1 are very similar to those at 720 and
730 cm�1 (shown in Figure 8). It suggests that the orientation
azimuth angle does not depend on the absorption bands. On the

Figure 8. Images of the orientation azimuth angle calculated at (left) 720 and (right) 730 cm�1 in the polyethylene fiber composite film at (upper) 5.7,
(middle) 8.5, and (lower) 11% tensile strain.
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other hand, the image of in-plane orientation function is different
among each absorption band. There are some reasons of this
difference, for example, the different contribution of crystalline and
amorphous region to the in-plane molecular orientation and the
difference of spatial resolution among absorption bands. The pixel
size of using instrument is 6.25 μm, which is near to the wavelength
of using absorptionband, and the spatial resolutionhas a dependence
of wavelength of using infrared radiation.

’CONCLUSION

The distributions of in-plane orientation function and orientation
azimuth angle are calculated from the absorbance images measured
with a linear polarizer with four different angles. This analytic method
is applied to visualize the local deformation of matrix polyethylene
near the fiber end in the uniaxially drawn LDPE/PE fiber composite
film. The distribution of orientation azimuth angle detects a small
change of molecular orientation in the early stage of drawing process.
In the later stage, the orientation azimuth angle visualizes the
contribution of shear stress to the deformation of the matrix around
the fiber end. The stress concentration at the fiber end is shown in the
distributionof in-planeorientation function. Froma comparisonof in-
plane orientation function calculated from the band assigned to CH2

rocking, the molecular orientation in the crystalline region occurs
earlier than in the amorphous region in the early stage of drawing.

By introducing the subtraction image of fc and fa, the method
enables to visualize the different contribution from the crystalline
and amorphous regions to the localized molecular orientation
that is induced in the locally stress-concentrated area at the fiber
end of the matrix, just prior to the plastic deformation in the
drawing process. Such kinds of information are first observed
using the imaging method with the algorithm in this study, which
will be useful to analyze the localized variation of molecular
orientation of macromolecular systems.
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