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Abstract
Injection-molded polyoxymethylene (POM) has molecular chains mainly oriented in the injection direction. We investigated

the directional dependence of the polarized infrared reflection and attenuated total reflection spectra by rotating the aniso-

tropic POM sample. Because of the strong absorption and large frequency dispersion of the C–O vibration in the main-chain

direction, we found phenomena such as shoulder wing generation that resulted from the mixing of optical responses attrib-

uted to the vibration in the main chain and that in the direction perpendicular to the main chain. The spectra of the directional

dependence can be explained qualitatively because of the anisotropy of the mode with large frequency dispersion.
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Introduction
Polyoxymethylene (POM) is known as a plastic for engineer-

ing applications due to its excellent strength and impact resis-

tance. Because of its simple molecular structure, POM has

become an important material of research from a basic sci-

ence perspective.1–21

Polyoxymethylene (POM) has a 9/5 or 29/16 helical trigo-

nal crystal structure.1,2 Moreover, POM is available in two

types of mesostructures: extended-chain crystals and folded-

chain crystals.8–11 POM is characterized by its relatively high

crystallinity compared to other plastics. Injection-molded

POM generally exhibits a trigonal crystal structure and is

composed of main chains distributed primarily along the

mold flow from the gate injection port.22,23 These structures

are characterized by techniques such as infrared (IR) spectro-

scopy,1–7 Raman spectroscopy,4–14 and wide-angle X-ray scat-

tering.2,8–11,16,17

However, difficulty in obtaining reproducibility has been

reported for POM measured with powder methods such as

KBr using IR.3–5 This is believed to be caused by the strong cou-

pling of the C–O bond vibration of the main chain with IR light,

resulting in a surface phonon–polariton mode, combined with

high crystallinity.22–24 This mode strongly depends on the size

and shape of the sample. Such vibrations are characterized by

large frequency dispersion, namely the existence of regions

where the real component of the relative permittivity (RP) is

negative. Thus, a Reststrahlen band with high and wide reflec-

tion is observed in polarized reflection measurements in the

injection direction. Our previous report showed that traces

of this Reststrahlen band are also observed in the reflection

spectra of the direction perpendicular to the injection.25

Moreover, the in-plane distribution of the orientation angles

of the main chain, characterized by Raman measurements, is

bimodal, suggesting that the main chains are partially distributed

along the transverse direction. Finally, the RPs in the main-chain

direction and the direction perpendicular to the main chain

were calculated in our previous report, using a two-phase

model that simply adds the reflection of each other.25

Nonetheless, the IR response obtained by mixing the main

chains and those perpendicular to the main chains was hard

to explain by the effective medium theory (EMT).

On the other hand, when measuring injection-molded POM

using the attenuated total reflection (ATR) method, a shoulder

wing appears in the 1000–950 cm–1 region.23 Although this

region is very close to the range where the real component

of the RP in the main-chain direction becomes negative, it is
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generally not immediately associated with the occurrence of the

shoulder in ATR spectra, as can be seen from the isotropic

spectral calculations. Devlin et al.26 reported spectra with sim-

ilar shoulders in the frequency dispersion region of the large

1300 cm–1 mode obtained from p-polarized ATR spectra of

nitrate crystals grown with the trigonal axis perpendicular to

the prism plane (shoulders were not observed in s-polarized
ATR spectra). This result suggests that the ATR optical response

of uniaxial substances with large frequency dispersion may cause

the apparent band because of anisotropy. To investigate the ori-

gin of the shoulder observed in the ATR spectrum of POM,

polarized spectra with varying main-chain azimuth angles should

be studied. The azimuthal dependence of IR spectroscopy is

used to determine the detailed arrangement of the mole-

cules.27,28 However, this analysis is generally conducted for

modes with small-frequency dispersion. If anisotropy from the

modes with large frequency dispersion causes shifts or new

peaks to appear, as shown in Devlin et al. examples, errors in

band assignment and structural analysis may occur. In general,

polymeric materials do not often exhibit such a substantial fre-

quency dispersion. However, we have previously identified sub-

stances such as polytetrafluoroethylene and polyglycolic acid as

materials where the real component of the RP becomes nega-

tive. Polyethylene oxide is also a candidate where the real part

of RP becomes negative.12 Furthermore, we have shown that

phenomena where the frequency dispersion increases can

occur with mechanical processes such as stretching or extru-

sion, as well as during heat treatment of POM.23–25 These phe-

nomena, coupled with the crystalline nature of polymers,

indicate that the above-mentioned occurrences are not neces-

sarily unique. Therefore, it is crucial to clarify the physical char-

acteristics of the spectra, such as the azimuthal dependence of

modes with large frequency dispersion, before performing a

detailed chemical structural analysis.

Previous studies on the azimuthal dependence of modes

with large frequency dispersion have generally been con-

ducted with the perspective of using these modes as optical

devices based on reflection.29 Regarding the optical response

of uniaxial crystals, such as their transmission and reflection,

Yeh30 provided theoretical equations and reported examples

of their application to optical filters and other devices.

Unfortunately, no examples of their application to spectro-

scopy have been provided. Because their equations involve

no approximations, these equations are expected to be appli-

cable even to the modes with large frequency dispersion. As

far as we know, there are no examples of theoretical spec-

trum reproduction of the azimuth angle dependence using

the RP of uniaxial crystals with very large frequency disper-

sion. When analyzing the azimuthal dependence of POM,

the bimodality phenomenon mentioned before should be

considered. Hereafter, we refer to the direction perpendicu-

lar to the main chain of the molecules as “orthogonal”.
In this study, we determined the RPs of the main-chain

direction and the orthogonal direction, using the reflection

spectra of POM, with a particular focus on the bimodal

phenomenon. Then, we checked whether the azimuthal

dependence of the reflection spectra could be explained

through Yeh’s equation derived from these RPs. Finally, we

verified whether the azimuthal dependence of the ATR spec-

tra could be explained by the same RPs, with the aim of

understanding the characteristics of the optical response of

anisotropic crystals with large frequency dispersion.

Experimental

Materials and Methods
The POM resin was DuPont Delrin 500P NC010, which has a

molecular weight (Mw) of approximately 60 000 g/mol. The

injection-molding sample was prepared at 190 °C and a filling

speed of 50 mm/s. And an 89× 49× 2 mm molding plate was

obtained. The gate is located at the center of the 49 mm side.

A 15× 15 mm sample was cut from the central portion of

this plate and was provided for measurements.

Optical Setup
The injection-molded POM is an anisotropic material, and its

main chains are mainly oriented along the molding flow on

the sample surface. Figure 1 shows the optical setup for

the measurements. Taking the x,y,z axes as the spatial coordi-
nate system, the x,y-plane is on the sample surface and the

z-axis is perpendicular to the sample surface. On the other

hand, if representing the orientation axes of POM as a, b,
and c, with c as the axis of the main-chain direction (injection

Figure 1. Optical setup for measurements and calculations.

The letters x, y, and z represent the coordinate axes in space.

The sample surface is assumed to be on the x,y-plane. The letters a,
b, and c represent the crystal axes of a uniaxial sample. The

main-chain direction is assumed to be along the c-axis, and the

orthogonal directions are along the a-axis and b-axis. The light is

assumed to be incident at an angle of θ with the k-vector direction
(in the y,z-plane). The azimuth angle is φ. Our sample is supposed to

be composed of main chains c distributed mainly along the

x-direction, partially along the y-direction (bimodality), but not in

the z-direction, when φ= 0°.
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direction), a and b become the axes of the orthogonal (trans-

verse) directions (without considering bimodality). Now,

assuming the light enters at an incident angle of θ from the

direction of vector k in the y,z-plane, let the azimuth angle

φ be the angle from the x-axis to the main-chain c-axis.
Hereafter, we assume that the main chains are distributed

in the x,y-plane, and not in the z-direction. In other words,

we assume that there are no molecular chain components

that are inclined in the z-direction or aligned to the

z-direction. If the incident light is s-polarized at φ= 0°, the

reflected light becomes the optical response in the main-

chain direction, while the p-polarized light becomes the opti-

cal response in the orthogonal direction plane (the a,
b-plane). When the incident light is s-polarized at φ= 90°,

the reflection becomes the optical response in the b-axis
(the orthogonal direction). For p-polarized light at φ= 90°,

the reflection becomes the optical response in the c,
a-plane, where the main-chain and orthogonal direction are

mixed.

Infrared (IR) Spectroscopy
Infrared (IR) spectra were recorded using a Nicolet 6700

(Thermo Fisher) Fourier transform (FT) IR spectrometer

equipped with a Seagull attachment with a wire-grid polarizer.

The beam diameter at the sample surface was approximately

1 mm. A deuterated triglycine sulfate (DTGS) detector was

used, and the resolution was 4 cm–1 with 16 accumulations.

The angle of incidence (θ) was set to 23° for the measure-

ments. This angle should be smaller, but we set this value

for comparison with the spectral shapes from our previous

microscopic specular reflectance measurements.22–25 The

polarizer was placed in front of the detector after the

beam was reflected off the sample surface, and s- and

p-polarized measurements were conducted. We performed

azimuth-angle-dependent reflectivity measurements by rotat-

ing the sample.

The ATR measurements were collected using a Spotlight

(PerkinElmer) instrument equipped with an ATR attachment

from PIKE Technologies with an ATR prism of germanium

(Ge) at a fixed incident angle of 45° and a wire-grid-type

polarizer built on a KRS-5 substrate. A DTGS detector was

used in the measurements; the resolution was 4 cm−1 with

16 accumulations. The azimuth-angle-dependent ATR spectra

were obtained by rotating the sample as was done in the

reflectivity measurements.

When the azimuth angle is 0° <φ< 90°, the component

converted from the s-polarized wave to the p-polarized
wave in the process of reflection and ATR, and the compo-

nent converted from the p-polarized wave to the s-polarized
wave may appear. Therefore, in addition to the polarized

measurements mentioned above, reflection and ATR mea-

surements with two polarizers were also performed by

inserting another polarizer on the incident side before

reflection.

To investigate the change in the spectral shape produced

by the degree of contact between the sample surface and

the ATR prism, we conducted measurements by gradually

releasing the sample-pressing rod, although the gap thick-

nesses were unknown. These measurements were per-

formed with p-polarized light at φ= 90°.

Results

Reflection Spectra
Injection-molded POM typically exhibits a tendency for the

main chains to be aligned parallel to the direction of injec-

tion.22,23 However, the results from in-plane orientation dis-

tribution analysis by Raman spectroscopy in a previous

report showed a slight transverse alignment to the injection

direction, namely, a bimodal distribution.25 This indicates a

structure in which main-chain orientation components are

mixed with those of the orthogonal direction. Similar mixing

also occurs in the transverse direction. As shown in the solid

lines in Figure S1 (Supplemental Material), polariton reflec-

tion from the main-chain direction is mixed at slightly

lower positions from 1000 cm–1 in the transverse direction

at φ= 90° in the s-polarized reflection spectra. Likewise,

the E1 mode derived from the orthogonal vibration from

C–O–C symmetric stretching is mixed at approximately

930 cm–1 in the injection direction at φ= 0° in the reflection

spectrum.12,23 As described in our previous report, the mix-

ing ratios of each cross-component and the pure RPs in the

main-chain and orthogonal directions were determined by

performing least square fitting to the reflection spectra at

φ= 0° and φ= 90°.25

The results of the simultaneous calculation of the reflec-

tion spectra at φ= 0° and φ= 90° are shown by the dotted

lines in Figure S1 (Supplemental Material), which proves

that using a two-phase model can better explain the data

on the mixing ratio of each cross-components than using

the EMT. For our sample, the mixing ratio was 17.8% for

each orientation direction (this was slightly lower than for

the previously reported sample, which was possibly due

to the different sampling positions). Figure 2 displays the

RP of the main-chain direction and the orthogonal direction,

obtained by spectral fitting. Here, both φ= 0° and φ= 90°

were simultaneously calculated. In other words, the mathe-

matically obtained spectra in Figure 2 remove the main

chain or orthogonal contribution of the φ= 90° and 0° spec-

tra, respectively. As previously described, a negative region

exists in the real component of the RP in the ranges of

992–915 cm–1 and 1132–1105 cm–1 in the main-chain direc-

tion, and in the range of 942–935 cm–1 in the orthogonal

direction. Figure S2 (Supplemental Material) shows the com-

plex refractive index (CRI) of the main-chain and orthogonal

directions.

The solid lines in Figure 3 show the experimental results

of the azimuthal dependence of the reflection spectra for s-
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and p-polarization. To interpret these azimuthal-dependent

spectra using the RP of the main-chain and orthogonal direc-

tion in Figure 2 or the CRI (Figure S2, Supplemental

Material), two factors should be considered: (i) the optical

response of the anisotropic medium and (ii) the mixing of

the cross-components.

(i). Optical Response of Anisotropic Media
For p-polarization at φ= 90°, the optical response

should be calculated as an anisotropic medium considering

the RP of the main chain and orthogonal component,

whereas, for p-polarization at φ= 0°, the optical response

should be calculated as an isotropic medium composed

only of the orthogonal component. For s-polarization at

φ= 0°, the optical response reflects from the main-chain

direction, and for p-polarization at φ= 0°, it reflects

from the orthogonal direction. For s-polarization
with 0° < φ< 90°, the optical response is expected to

correspond to an anisotropic medium, considering

the RPs of the main-chain and orthogonal directions.

Hence, the sample should be treated as an anisotropic

medium to calculate the response with respect to the

azimuth angle.

In these experiments, the polarizer is set after the light is

reflected on the sample surface. That is, when the light

enters the sample, the light is a mixture of s- and

p-polarizations (unpolarized), but the reflected light is

polarized after passing through the polarizer. In the case

of isotropic media, the reflected light is s-polarized when

the incident light is s-polarized (Rss) and p-polarized when

the incident light is p-polarized (Rpp). However, for sub-

stances with in-plane anisotropy, coupling occurs between

s-polarization and p-polarization for 0° <φ<90°. This

implies that some components are converted from

s-polarized incident waves to p-polarized waves after reflec-
tion on the sample surface (Rsp), whereas other compo-

nents are converted from p-polarized incident waves to

s-polarized waves after reflection on the sample surface

(Rps). Therefore, in these polarizer arrangement experi-

ments, Rss+ Rps is observed when aligned with the

s-polarization, and Rpp+ Rsp is observed when aligned with

the p-polarization. Note that Rsp= Rps= 0 when the azi-

muth angle φ is 0° or 90°.

The IR spectrum changes that are dependent on the

azimuth angle can be calculated using Yeh’s equation,30

considering the CRI n(ν) and k(ν), where ν is the fre-

quency. Yeh’s equation can be modified and eventually

takes the following form:

A = nbz(nz + nbz) sinφ (1)

B = n2b(nz + ncz) cosφ (2)

C = − nnbz + nz(β2 + n2bz)
n

( )
cosφ (3)

D = nn2bz +
nzncz(β2 + n2bz)

n

( )
sinφ (4)

Figure 2. (a) The RP of the main-chain direction (φ= 0°), and (b)

the RP of the orthogonal direction (φ= 90°), calculated from the

s-polarized reflection spectra.

Figure 3. Azimuth angle dependence of the polarized reflection

spectra of injection-molded POM (solid line) and the calculated

reflection spectra using the RP of Figure 2 or the CRI of Figure S2

(Supplemental Material) on the two-phase model (dotted line): (a)

s-polarization and (b) p-polarization.

200 Applied Spectroscopy 78(2)

https://journals.sagepub.com/doi/suppl/10.1177/00037028231217005
https://journals.sagepub.com/doi/suppl/10.1177/00037028231217005
https://journals.sagepub.com/doi/suppl/10.1177/00037028231217005
https://journals.sagepub.com/doi/suppl/10.1177/00037028231217005


A′ = nbz(nz − nbz) sinφ (5)

B′ = n2b(nz − ncz) cosφ (6)

C′ = − nnbz − nz(β2 + n2bz)
n

( )
cosφ (7)

D′ = nn2bz −
nzncz(β2 + n2bz)

n

( )
sinφ (8)

rss = A′D− B′C
AD− BC

(9)

r ps = AB′ − A′B
AD− BC

(10)

rsp = − CD′ − C′D
AD− BC

(11)

r pp = AD′ − BC′

AD− BC
(12)

Rs = |rss|2 + |r ps|2 (= Rss + Rps) (13)

Rp = |r pp|2 + |rsp|2 (= Rpp + Rsp) (14)

Here, we used the following notations: β = n sin θ, nz = n cos θ,
n2bz = n2b − β2, n2cz = n2c − β2[cos2φ+ (n2c / n

2
b)sin

2φ]. As

shown in Figure 1, the incident vector is taken in the y,
z-plane, n is the refractive index of the incident medium, θ is

the incident angle, nc is the CRI in the main-chain direction,

and nb is the CRI in the orthogonal direction.

We used θ= 23° and n= 1 for the calculations. Two solu-

tions (plus and minus) appear for nbz and ncz depending on

the incidence angle, azimuth angle, and frequency dispersion.

However, it is not obvious which solution is physically meaning-

ful. Thus, to select a physically meaningful solution, we correct

for the π-jumps in phase by adding the πlterm with l = ±1 so

that we obtain the smooth reflection (or ATR) spectra.

nbz = ±
��������
n2b − β2

√
(15)

= |nbz| exp (itan−1{[Im(nbz)/Re(nbz)] ± πl}) (16)

ncz = ±

������������������������������
n2c − β2 cos2φ+ n2c

n2b
sin2φ

( )√
(17)

= |ncz| exp (itan−1{[Im(ncz)/Re(ncz)] ± πl}) (18)

(ii) Mixing of Cross-Components (Bimodal Effect)
To determine the reflectance of the injection-molding

direction, the mixing ratio was set to 82.2–17.8% for

the main-chain-orthogonal direction reflection in a two-

phase model. Likewise, for the reflectance of the trans-

verse direction, the mixing ratio was set to 82.2–17.8%

for the orthogonal-main-chain direction reflection.

Assuming that the cross-components are mixed in the

same ratio for other azimuth angles, the reflection spectra

that result from the mixing effect can be calculated for

both the s- and p-polarization. For example, the reflection

of the cross-component of an azimuth angle of 30° is

equivalent to the reflection of an azimuth angle of 60°,

In the same way, the reflection of the cross-component

of an azimuth angle of φ is equivalent to the reflection

of an azimuth angle of 90° -φ.

The reflection spectra are shown as the dotted lines in

Figure 3. The azimuthal dependence of the s-polarized spec-

tra agrees with the experiments. Although the p-polarized
spectra are slightly less consistent compared to the

s-polarized spectra, they still explain the shoulder shapes of

the Reststrahlen band near 1000 and 1130 cm–1 fairly well,

even though only the RP determined using the s-polarized
spectra were employed. Therefore, Yeh’s equation is effective
in verifying the azimuthal dependence of the IR reflection

spectrum of in-plane oriented samples.

Attenuated Total Reflection (ATR) Spectra
Figure 4 shows the experimental results of the azimuthal

dependence of the ATR spectra. Let us momentarily neglect

the bimodal effect. For s-polarization at φ= 0°, the ATR spec-

trum should represent the main-chain direction, whereas for

p-polarization at φ= 0°, both in-plane and depth directions con-

sist of orthogonal components. Thus, the ATR spectrum should

behave isotropically with respect to only the orthogonal com-

ponent. At φ=90°, the ATR spectrum for s-polarization should
represent the orthogonal direction, whereas, for p-polarization,
it should represent the main-chain component in the in-plane

direction and the orthogonal component in the depth direction,

thus forming an anisotropic ATR spectrum. Because ATR spec-

tra generally strongly reflect the shape of absorption, they cor-

respond well to the imaginary component of the RP shown in

Figure 2. However, the shoulders at 1000–950 and 1130–
1100 cm–1 appearing in the ATR spectra cannot be explained

only by the large frequency dispersion when the material is

supposed to be isotropic, as they are not present in the imag-

inary component of the RP (Figure 2b).

The IR spectra of POM reveal its anisotropy and very large

frequency dispersion that results in a polariton mode.

Therefore, we examined the effect of anisotropy in terms

of the azimuthal variation of the ATR spectra when the

degree of frequency dispersion changed using several

Lorentz model spectra (see the Appendix for details). The

anisotropic mode peaks of both the main-chain and orthog-

onal directions are just added as the azimuth angle changes

to Lorentz modes with small absorption and small-frequency

dispersion (Figure S4, Supplemental Material). However, for

modes with large absorption intensity and large frequency

dispersion, which exhibit a negative RP, various optical
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phenomena such as peak shifts, shoulder generation (peak

asymmetry), and the appearance of new peaks occur in the

azimuth angle dependence of Yeh’s anisotropic mixing on

the ATR spectra (Figures S5–S7, Supplemental Material).

Furthermore, when the peak positions of the two modes

are close to each other, the above phenomena occur within

a narrow frequency range (Figure S8, Supplemental Material).

These ATR spectra behaviors are difficult to predict using

conventional knowledge based on small-frequency disper-

sions; thus, they result in the risk of erroneous peak assign-

ments and flawed data interpretation.

Figure 5a shows the azimuthal dependence of the ATR

spectrum, calculated using Yeh’s equation and the RP of

Figure 2 or the CRI of Figure S2 (Supplemental Material).

The incident medium was assumed to have a refractive index

of four, and the incident angle was set to 45° in Yeh’s equation.
The vertical axis was plotted on a logarithmic scale that corre-

sponded to the absorption spectrum. A two-phase model was

used in the calculation, including the bimodal effect, and the mix-

ing of orthogonal components was set to 17.8% for each azimuth,

as in the calculation of reflection. As a result, the shoulder peaks

at approximately 1000–950 and 1130–1100 cm–1 can be partly

explained by considering anisotropy. In particular, the shape of

the shoulder peak for p-polarization at φ=90° agrees with the

experimental data, and the tendency for the shoulder to decrease

as the value of φ decreases also matches the experimental data.

The generation of these shoulder peaks can also be explained

near φ=45° for s-polarization. In other words, the anisotropic

medium treatment for POM can explain the shoulder peaks

when there are vibration modes with large frequency dispersion.

However, there are some discrepancies between the cal-

culated results and the experimental results displayed in

Figure 4. The shoulder is not observed in the calculation

results for s-polarization at φ= 90°. Moreover, the shoulder

shape is not clearly observed in the calculation results for

p-polarization at φ= 0°.

The orientation distribution of the main chains in the

z-direction was not taken into account in our proposed

model. If the main chains are distributed in the z-direction,
the RPs will exhibit differences in the in-plane and depth direc-

tions in the p-polarized spectrum at φ= 0°. Therefore, it is

possible to obtain spectra with shoulder wings even without

considering bimodality. However, it is difficult to explain the

shoulder wing in the s-polarized spectrum at φ= 90°, whether

by considering the distribution of the main chains in the

z-direction or including the cross-component in a two-phase

model. We tentatively conducted calculations assuming a mix-

ture of cross-components, using the EMT, and the results are

shown in Figure 5b. The effective RPs in the direction of injec-

tion (εc,eff ) and in the transverse direction (εb,eff ) were calcu-

lated by mixing the RPs of the main-chain direction (εc) and
the orthogonal direction (εb), using the Bruggeman equation:31

(1− f1)
εc − εc,eff
εc + 2εc,eff

+ f1
εb − εc,eff
εb + 2εc,eff

= 0 (19)

(1− f2)
εb − εb,eff
εb + 2εb,eff

+ f2
εc − εb,eff
εc + 2εb,eff

= 0 (20)

where f1= f2= 0.178 for each main-chain and orthogonal RP.

Afterward, the ATR spectrum at each azimuth angle

was calculated considering the anisotropic medium by

substituting the effective CRI in Eqs. 1–8 and 15–18. In

particular, when focusing on the shoulder, these results

explain the experimental behaviors shown in Figure 4.

Thus, the azimuthal dependence of these ATR spectra

can be explained by mixing the cross RPs using the EMT

Figure 4. Azimuth angle dependence of the polarized ATR spectra of injection-molded POM: (a) s-polarization and (b) p-polarization.
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and treating them as anisotropic media, especially regard-

ing the shoulder.

The intensity of the mode at approximately 930–900 cm–1

in the calculated spectra seems to be quite different from the

experimental results in Figure 4. The difference in the spectra

with p-polarization is particularly noticeable. This is probably

due to the inevitable change in the contact degree between

the prism and the sample surface in the ATR measurements.

Figure S9 (Supplemental Material) shows the dependence

between the gap thickness of the experimental and calculated

results of the ATR spectra of POM for p-polarization at φ=90°.

Because it is difficult to control a gap thickness of several tens of

nanometers, the ATR spectra were measured by gradually releas-

ing the pressing rod. The calculation was performed using the

usual three-layer model shown in the equations below,32 where

the first layer is Ge (n=4), the second layer is air (n=1), and

the third layer is an anisotropic POM (Figure S9b, Supplemental

Material).

rs = r12,s + r23,sse−2iϕ

1+ r12,sr23,sse−2iϕ (21)

rp = r12,p + r23,ppe−2iϕ

1+ r12,pr23,ppe−2iϕ (22)

Figure 5. Azimuth angle dependence of the polarization ATR spectra of injection-molded POM calculated using the RP in Figure 2 or the

CRI in Figure S2 (Supplemental Material) on the two-phase model: (a) s-polarization and (b) p-polarization. For the EMT: (c) s-polarization
and (d) p-polarization.
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ϕ = 2π
λ
n2d cos θ2 (23)

where rs and rp are the reflection coefficients of s- and

p-polarization, r12 is the reflection coefficient of the interface of

Layer 1 (prism) and Layer 2 (air), and r23 is the reflection coeffi-

cient of the interface of Layers 2 and 3 (POM), and d is the gap

thickness between the prism and the surface of the POM.

There is no mixing term of s-polarization and

p-polarization due to reflection when the azimuth angle is

0° or 90°, but the mixing term of polarization appears

when 0° <φ< 90°; in this case, further multiple reflections

must be calculated, so the above equation cannot be used.

Therefore, these calculations were performed only for azi-

muth angles of 0° and 90°. The suffix ss or pp means the

components that exclude the polarization conversion term

such as r ps or rsp in the reflection at each interface. By com-

paring the experimental and calculated results, the changes in

the spectral shape observed as the ATR pressing rod was

released match well with those obtained by increasing the

gap thickness in the calculation. The experimental spectra

obtained by assuming sufficient contact between the prism

and the sample matched well with the calculated spectra

with gap thicknesses of approximately 40–100 nm.

We compared the calculation results of the above three-

layered model and the EMT with the measured results for

s-polarized light at φ= 0° and 90° and p-polarized light at

φ= 0° and 90°, as shown in Figure 6. All calculations were

performed assuming a gap thickness of 60 nm. It appears

that, in the case of Figure 6d, the gap used is adequate for

the 930–900 cm–1 region but not for the 1100 cm–1 region.

The reason for this is unclear, but there may be morphological

effects such as the presence of internal pores, or there may be

other reasons such as the presence of z-direction orientation

components. Overall, the shape of the spectra can be explained

by the effective medium anisotropy model, considering the con-

tact with the prism.

Discussion
It is remarkable that the azimuthal dependence of the ATR

spectral shapes for both s- and p-polarized light can be

explained by only the RPs calculated using the s-polarized
reflection spectrum. Yeh’s equation is effective in predicting

the spectral shape of any azimuthal angle of uniaxial crystals.

Because the equation is free of approximations, it can be

applied even to polariton bands with large frequency disper-

sion. Moreover, the equation provides not only Rss
(s-polarized reflection by s-polarized incident light) but also

Rps (converted s-polarized reflection by p-polarized incident

light). Figure S10 (Supplemental Material) shows the reflec-

tion spectra of s- and p-polarized light with polarizers

inserted only after reflection (Rs and Rp) and Rss and Rpp spec-
tra with polarizers inserted not only after but also before

reflection for azimuth angles of 0°, 45°, and 90°. For azimuth

angles of 0° and 90°, the Rs and Rss and Rp and Rpp spectra are
almost identical because there is no component converting

polarization during reflection in these cases. On the other

hand, when the azimuthal angle is 45°, the Rs and Rss (and
also Rp and Rpp) are not identical and the reflectivity is higher

than in the case when no polarizer is inserted on the incident

side, indicating that polarization conversion occurs during

reflection. Hence, the difference between Rs and Rss results

Figure 6. Comparison between the measured polarized ATR spectra of injection-molded POM and the calculated spectra from the RP in

Figure 2 or the CRI in Figure S2 (Supplemental Material). Red line: measured spectra. Black line: calculated spectra (EMT). Blue line:

calculated spectra (two-phase model): (a) s-polarization, φ= 0°; (b) s-polarization, φ= 90°; (c) p-polarization, φ= 0°; and (d) p-polarization,
φ= 90°.
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in Rps (and also the difference between Rp and Rpp results in
Rsp). The spectral shape of the results of Rps and Rsp calculated
using Yeh’s equation agrees with the experimental results.

This converted reflection appears in the region where the

real component of the RP of the main-chain direction is neg-

ative. However, the measured Rps and Rsp are less than one-

third of the calculated values. In other words, the value of the

component converted from p to s (or s to p) is lower than
that of the calculation. The calculated results show a per-

fectly oriented case in the injection direction. As reported

in our previous paper, this material has a nest-like structure

whose breadth is approximately 100 nm as revealed by

field emission scanning electron microscopy measurements,

and the molecules are oriented perpendicular to the thin

breadth of the nest.25 Therefore, components oriented at

45° of the main chain also coexist (i.e., the orientation

along the direction of injection is not perfect). Thus, polariza-

tion light with a 45° direction should reflect in the same direc-

tion of vibration. Namely, this reflection component is not the

polarization-converted light because of anisotropy. The contri-

bution of reflection through s (or p) polarization is added to

Rss (or Rpp) at φ= 45°, resulting in lower Rps and Rsp compo-

nents, as shown in the solid lines of Figure S10c and S10d

(Supplemental Material). By contrast, the analysis of these Rps
and Rsp components may be useful for gaining more informa-

tion on the in-plane orientation structures of the molecules.

Figure S11 (Supplemental Material) displays the s and ss
spectra for the s-polarized ATR measurements at azimuth

angles of 0°, 45°, and 90°. As previously stated, only the

s-polarization results are shown because the ATR spectral

shape is sensitive to the contact between the sample surface

and the prism for p-polarization. Hence, when discussing

difference spectra, s-polarization is more suitable than

p-polarization. The results for the 0° and 90° azimuth angles

exhibit nearly identical shapes in Is and Iss (Figures S11a

and S11c, Supplemental Material), but for the 45° angle

(Figure S11b, Supplemental Material), there are regions

where the s and ss spectra are not overlapped. By adjusting

the coefficients to subtract the peak at 930 cm–1 and calculat-

ing the difference spectrum, we obtai Suned the solid-line

spectrum in Figure S11d (Supplemental Material). The Ips
(= Is–Iss) calculated using Yeh’s equation exhibits a similar

spectral shape to the measured spectrum, but the band

intensity at 900 cm–1 is slightly weaker, and the width is

somewhat broader compared to the measured spectrum.

The Ips spectrum is the component in which the incident

light of the p-polarization is converted to the s-polarization
after ATR, and the spectral shape resembles the s-polarized
spectrum at an azimuth angle of 0°. We anticipate there

will be some components in which the main chains are ori-

ented to 45°. ATR spectra generally reflect absorption (the

imaginary component of the RP) more prominently than dis-

persion (the real component of the RP). Therefore, if there is

a component that is oriented at 45°, the spectrum corre-

sponding to the imaginary component in Figure 2a is

expected to appear during the measurement at φ= 45°,

and this is indeed the case. Therefore, the azimuth angle

dependence of ATR can be useful to analyze the orientation

state more precisely as well as the reflection. Some discrep-

ancies between the experiments and the calculated results of

azimuth angle dependence may be due to orientation imper-

fections in the actual POM sample.

As an interesting point, the mixing ratio of cross-

components in terms of the bimodal characteristics could

not be reproduced by the two-phase model in the ATR spec-

tra, even though the ratio could be calculated by applying the

two-phase model in the reflection spectra. Calculations of

the ATR spectra using EMT could better explain the mea-

sured spectra. On the other hand, as previously reported,25

the reflection spectra could not be explained by the EMT.

From a morphological standpoint, the nest’s size is small

enough compared to the incident wavelength, allowing the

application of the EMT. In addition, the composition ratio

of the cross-component (17.8%) is also within the applicable

range of the EMT.33

To investigate the mixing between the main-chain direction

and the orthogonal direction, known as the bimodal effect, the

mixing of well-defined Lorentz model spectra should be applied.

The s-polarized reflection and ATR spectra calculated by the

two-phase model and the EMT estimated using the two

Lorentz models in Figure S3h (Supplemental Material) with the

same ratio (17.8%) are shown in Figure S12 (Supplemental

Material). These Lorentzian models can produce POM-like spec-

tra. In the reflection spectrum, when incorporating the bimodal

effect with the two-phase model, a substantial frequency disper-

sion remains at approximately 1000 cm–1 as a Reststrahlen band,

even in the 17.8% mixing of a larger Lorentzian dispersion.

However, in the ATR spectrum of the two-phase model, the

strong absorption is reflected in the mixing results in a shape

that simply adds two Lorentz peaks. This result deviates from

the experimental data. On the other hand, by applying the

EMT, the substantial frequency dispersion is diluted, making the

Reststrahlen band less prominent in the reflection spectrum.

However, instead of a simple addition of Lorentz peaks, the

ATR spectrum still reflects the influence of frequency dispersion,

resulting in a spectrum that is closer to the experimental data.

These results suggest that spectra that reflect frequency disper-

sion appear in both the reflection and ATR measurements.

The selection of the model should be judged by the exper-

iments. When the absorption and the frequency dispersion

are small, the mixed spectrum may be reproduced by either

model. However, in the case of a large dispersion, differences

among the chosen models can be detected. In our experi-

ments, there is a difference between the analysis probe of

the reflection spectrum using ordinary light (far-field light)

and the ATR analysis probe using evanescent waves (near-

field light). Thus, the selection of the model may be affected

by the physical dispersion state or morphology depending on

the probe. It is currently unclear why a single model cannot

explain both the reflectance and ATR spectra of POM.
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Although there are still discrepancies between the calcu-

lations and the results from the reflection and ATR experi-

ments in this study, it might be necessary to evaluate the

spectra using more accurate RPs. Despite the existence of

a few hundred nanometer-sized voids on the POM surface,

the arguments presented above were based on the RPs

obtained using the reflection spectra. Therefore, these RPs

already incorporated the effects of morphology (the mean

values of POM and air). Moreover, the reflection is extremely

sensitive to external perturbations such as pressing and rub-

bing, which affect the spectral shapes.22 This means that the

surface polariton effects are included in the determination of

the RPs. Ideally, the RP should be determined considering the

void fraction. Such an RP would likely have a larger intensity

and dispersion than the RPs shown here. Furthermore, such

RPs would enable us to calculate the influence of morphology

at the same time, making it possible to construct a single

model capable of interpreting both the reflection and ATR

spectra while incorporating the frequency dispersion.

The orientation distribution of the main chains in the

z-direction is not considered in the proposed model. By consid-

ering the distribution of the main chains in the z-direction and

the various factors mentioned above carefully, it may be possible

to interpret the orientation-dependent spectra with a single

model. However, the evaluation processes described above

are expected to be challenging and require further research.

Conclusion
We calculated the azimuthal dependence of reflection and

ATR spectra based on the consistent determination of the

RPs for the main-chain and orthogonal directions from the

s-polarized reflection spectra. POM has a strong absorption

and large frequency dispersion in the main-chain direction

and Reststrahlen bands are observed in the reflection. We

found that the azimuthal dependence of this shape can be

explained by Yeh’s equation, considering the polarization

conversion components of Rps and Rsp. In the ATR spectra,

phenomena such as the appearance of new shoulder wings

occur, but these can be understood by the calculation of

the azimuth angle dependence, using Yeh’s equation. The

peak shifts and presence of new apparent peaks due to aniso-

tropic mixing are crucial phenomena to be aware of to avoid

misinterpretations. Injection-molded POM exhibits a bimodal

main-chain orientation; thus, a choice can be made whether a

two-phase model or EMT is used during mixing. The shape of

the spectrum can be explained by the two-phase model in

terms of reflection and EMT for ATR in addition to optical

anisotropy. Moreover, the applicable model differs depending

on the analysis probe even in the same IR region.
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Appendix
Azimuth angle dependence of ATR spectra using anisotropic

Lorentz bands with various frequency dispersions.

Figure S3 (Supplemental Material) shows Lorentzian-type

RPs with peaks at 1100 cm–1 with different frequency disper-

sions in Figures S3a–S3d (Supplemental Material) and RPs with

a peak at 950 cm–1 in Figures S3e–S3g (Supplemental Material).
Figure S3h (Supplemental Material) shows two RPs with close

peak positions of 900 and 930 cm–1 but with substantially differ-

ent frequency dispersions. These spectra are represented by the

following Lorentzian equation, and each parameter is summa-

rized in Table S1 (Supplemental Material).

εr(ν) = εr,∞ + Ω2
p

Ω2 − ν2 − iνγ
(24)

here, we took ϵr,∞=2.3 (typical RP of polymers) for the

Lorentzian peak calculations.

In Figures S3d and S3g (Supplemental Material), the imag-

inary component of the RP is above 20, which is larger than

that for POM in Figure 2. While such cases are possible in

inorganic ionic crystals, they seem unlikely in polymers.

However, it is worth noting that, in the case of POM, even

when heated slightly below its melting point, values well

above 40 for the imaginary component of the RP can

occur.25 Moreover, in extrusion molding, this value can

exceed 70 in some cases.23 Therefore, in highly polar and

crystalline polymers, such situations can occur through vari-

ous mechanical or thermal processes.

Figure S4 (Supplemental Material) shows the azimuthal

dependence of ATR spectra, according to Yeh’s equation,

for a uniaxial crystal corresponding to the RP of the c-axis
in Figure S3e (Supplemental Material) and those of the a-
and b-axes in Figure S3a (Supplemental Material). The azi-

muthal dependence shown in this Appendix was represented

as ATR spectra, using a Ge prism with a refractive index of

four and an incident angle of 45°. The results in Figure S4

(Supplemental Material) correspond to normal polymers with

relatively small-frequency dispersion. In this case, the spectra

for 0°<φ<90° become just a mixture of the 1100 cm–1 peak

and the 950 cm–1 peak. The shape of the spectrum for the

p-polarization at φ=90° also appears to be simply the mixture

of each mode, indicating the occurrence of the anisotropy effect.
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Figure S5 (Supplemental Material) shows the azimuthal

dependence of ATR spectra for a uniaxial crystal correspond-

ing to the RP of the c-axis in Figure S3g (Supplemental

Material) and those of the a- and b-axes in Figure S3b

(Supplemental Material). The spectrum for the 950 cm–1

mode with a larger frequency dispersion exhibits substantial

changes in spectral width, peak position, and a shoulder on

the high-frequency side depending on the azimuth angle,

unlike the case in Figure S4 (Supplemental Material), and

does not appear to be a simple mixing.

Figure S6 (Supplemental Material) shows the azimuthal

dependence of the ATR spectrum for a uniaxial crystal with

the RP of the c-axis in Figure S3f (Supplemental Material) and

those of the a- and b-axes in Figure S3c (Supplemental

Material), respectively. Although the peak positions are sepa-

rated by approximately 150 cm–1, both modes are negative in

the real component of the RP. In this case, the peak shifts and

the appearance of the shoulders depend on the azimuth angle.

Figure S7 (Supplemental Material) shows the azimuthal

dependence of the ATR spectrum for a uniaxial crystal

with the RP of the c-axis in Figure S3g (Supplemental

Material) and those of the a- and b-axes in Figure S3d

(Supplemental Material). Both modes have a large frequency

dispersion and a large negative real component of the RP.

Phenomena such as peak shifts, changes in half-width, and

appearance of shoulders are observed as well as the emer-

gence of new peaks near 1170 cm–1 in the s-polarized spectra
at φ= 30° and 45°. Notwithstanding, these spectra are com-

posed of only two vibrational modes.

Figure S8 (Supplemental Material) is a case where two

modes (a 900 cm–1 peak along the c-axis and a 930 cm–1

peak along the a- and b-axes in Figure S3h, Supplemental

Material) are separated by only 30 cm–1 and the real compo-

nent of the RP of the 900 cm–1 mode becomes negative (a

case close to POM anisotropy). Even in this case, a drastic

azimuthal dependence is evidenced by changes in the peak

width, shift, and shoulder occurrence.

In all of the above cases, polarized ATR spectra exhibit

shoulders or other apparent peak deformations depending

on the azimuth angle when there is a mode with a large fre-

quency dispersion existing along one or two crystal axes.

These phenomena occur due to the mixing of the two RPs

in anisotropic media, and caution is required in interpreting

the spectra, as they may appear to have three or more

modes, especially when measured with unpolarized light.

As a preliminary finding, in optical anisotropy, mixing

between peaks with a relatively large dispersion in the real

part of RP (without becoming negative, e.g., Figure 3b) and

peaks with a small dispersion (e.g., Figure 3e) results in

peak shifts only when changing the azimuth angle.
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