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ABSTRACT: In a series of three papers we present the results of surface structure analysis of anisotropic
polymer films using ATR-IR spectroscopy. In the first paper, the methodology for quantitative ATR-IR
analysis of optically biaxial polymer films of orthorhombic symmetry is outlined, and results are presented
of the first stage of the analysissthe extraction of the anisotropic optical constants of the films. Attention
is drawn to the necessity that adequate sample/ATR-IR crystal contact is achieved in order to measure
the correct reflectivity spectra of the sample/crystal interface and therefore obtain the correct (n, k) spectra
of the analyzed film. The anisotropic absorption index spectra of PET and isotactic polypropylene films
are presented in the 1800-670 and 1400-800 cm-1 range, respectively, along with the ATR-IR spectra
from which the optical constants have been calculated. The extraction of all three principal absorption
index spectra of PET films allowed us to examine the optical anisotropy of PET films formed by uniaxial-
planar and biaxial drawing. The uniaxial-planar films are strongly optically biaxial, whereas the biaxially
drawn films have similar properties in the film plane, which are very different from those along the film
thickness direction. These differences in optical anisotropy are related to the difference in chain orientation
induced during uniaxial-planar and biaxial deformation of PET films and to the anisotropy of the PET
monomer unit.

Introduction

Polymer films manufactured via the flat-film produc-
tion process owe their successful application in a broad
range of areas to the significant practical and scientific
understanding of the processes occurring during their
production. In essence, polymer flat-film formation is
centered on controlling the microstructure that develops
during stretching of an initially amorphous polymeric
material. In most cases the interest is in producing films
with a high degree of chain orientation and crystallinity
in order to achieve a desirable set of mechanical and
optical properties and good dimensional stability of the
final film. Thus, strain-induced molecular orientation
and crystallization phenomena are at the core of any
polymer film production process.

While the structural rearrangement occurring in the
material during film production has been extensively
studied for the bulk, their surface structure has re-
mained largely unexplored. It is therefore interesting
from a scientific point of view to obtain a more detailed
picture of the spatial variation of microstructure in
polymer films and of the factors that control it. The
scientific interest is further corroborated by the ever-
growing application of polymer films in composite
materials in which the polymeric material serves as a
substrate, the surfaces of which are coated with organic
or inorganic layers. In such materials the properties
both required and produced close to the surface of the
film could be very different from those of the bulk. There
is therefore strong practical impetus toward gaining
further knowledge of surface structure formation in
polymer films.

In a series of papers we present the results of the
application of attenuated total reflection infrared (ATR-
IR) spectroscopy to the analysis of the surface structure
of polymer films prepared via the flat-film production

process. This, the first paper of the series is devoted to
outlining the methodology for quantitative ATR-IR
analysis of anisotropic polymer films and providing
examples of its implementation in the analysis of two
commercially important polymersspoly(ethylene tereph-
thalate) (PET) and polypropylene (PP). The methodology
is based on existing theoretical treatments of propaga-
tion of light in anisotropic media. It has two main
stages: the extraction of the optical constants of the
analyzed film from the measured ATR-IR spectra and
band intensity analysis of the derived absorption index
k and absorption coefficient K spectra of the material.
The present paper focuses on the first stage of the
analysissthe extraction of optical constants. The analy-
sis of the surface structure of a commercial PET film
and surface structure formation during drawing of
amorphous PET are the subject of the following papers
of the series.

Theory
Elements of Optics. Light propagating across the

plane boundary between two isotropic nonabsorbing
media is divided into a reflected and a refracted wave
(Figure 1). The fractions of incident light reflected and
transmitted at the boundary, termed reflectivity (R) and
transmissivity (T), respectively, are given by the fol-
lowing expressions:1

In eq 1 | and ⊥ denote light polarization parallel and
perpendicular to the plane of incidence, A and T denote
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the amplitude of the incident and transmitted wave, n1
and n2 are the refractive indices of the two media, and
θi and θt are the angles of incidence and refraction. The
parallel and perpendicular polarizations are also com-
monly denoted with the symbols p and s, respectively.
The amplitude reflection and transmission coefficients
of the interface r⊥,| and t⊥,| are determined by the optical
properties of the two media as follows:1-3

When light is incident on the boundary between two
nonabsorbing media from the medium of higher refrac-
tive index (n2/n1 < 1) at angles of incidence θi greater
than a critical value θc (sin θc ) n2/n1), it undergoes
what is termed total internal reflectionsthere is no
lasting flow of energy into the second medium despite
the fact that the electromagnetic field in this medium
is not discontinued.1 Using a complex notation, the
electric field vector of the transmitted wave Et in total
internal reflection can be written in terms of the
coordinates of Figure 1 as3

where

In eq 4, Et
0 represents the direction and maximum

amplitude of Et, k ) |k| ) 2π/λ is the amplitude of the
wave vector k, ω is the circular frequency, and t is time.
From eqs 4 and 5 it is evident that at angles of incidence

θi > θc the transmitted wave diminishes exponentially
with distance from the boundary into the second me-
dium.

For absorbing nonmagnetic media eqs 1-5 remain
valid with the substitution of the real refractive index
with a complex refractive index2

where ε̂ is the complex dielectric constant of the
medium. The quantity k in (6) is termed the absorption
index of the medium and is a measure of the attenuation
of the wave per unit path length in the medium. The
substitution of n2 with n2 in (4) and (5) implies that in
internal reflection at angles of incidence greater than
θc the attenuation of the transmitted wave has an
additional contribution due to absorption by the me-
dium. As a consequence of the absorption by the second
medium, the time average of the energy flow across the
boundary is different than zero, and the reflection is
therefore termed attenuated total reflection.1

Light propagation is further complicated in anisotro-
pic materials where the electromagnetic anisotropy of
optical media must be described with second rank
tensors. In terms of their anisotropy with respect to
electromagnetic waves optical media are classified as
isotropic (ε̂x ) ε̂y ) ε̂z), uniaxial (ε̂x ) ε̂y * ε̂z), and biaxial
(ε̂x * ε̂y * ε̂z), εj (j ) x, y, z) being the principal
components of the complex dielectric constant tensor.4
The propagation of a plane wave across the boundary
between an isotropic and an arbitrarily oriented with
respect to the boundary optically biaxial medium of
orthorhombic or higher symmetry leads to the formation
of two refracted waves in the biaxial medium. In the
general case both refracted waves are extraordinary;4
e.g., their velocities depend on the direction of propaga-
tion. However, reflection and refraction become simpler
when the plane of incidence coincides with one of the
principal planes, and the surface of discontinuity is
normal to that plane. Under such conditions s-polarized
light entering the anisotropic medium produces ordinary
waves only, and p-polarized light produces extraordi-
nary waves only.5 The velocity of the ordinary wave is
independent of the propagation direction, and it travels
like in an isotropic medium.5,6 Assuming light incidence
in the principal Oxz plane toward the interface between
an isotropic nonabsorbing and an anisotropic absorbing
medium that contains the principal Oxy plane of the
anisotropic medium, the amplitude reflection coef-
ficients of the interface take the form6

Basis of Quantitative Infrared Analysis. As shown
above, neither the reflectivity R nor the transmissivity
T (the quantities measurable in an IR experiment) is a
sole function of the absorption properties of the medium.
Quantitative infrared spectroscopy analysis therefore
requires as a first step the extraction from R or T of
the optical constants (n, k) of the analyzed medium. The
absorption index k is used to calculate the absorption

Figure 1. Reflection and refraction of light at a plane
boundary between two homogeneous isotropic media of refrac-
tive indices n1 and n2. The plane of incidence is Oxz; the angles
of incidence, reflection, and refraction are denoted as θi, θr,
and θt, respectively.
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coefficient K of the medium:

which accounts for the decrease of light intensity due
to absorption by the medium via the relation

The intensity of peaks in the K spectrum can then be
used for concentration analysis by application of Beer’s
law

where A is the absorbance of the medium, l is the path
length of light in the medium, c is the concentration of
absorbing species, and a is Beer’s absorption coefficient.
In eq 11 we have deliberately omitted expressing the
absorbance as -log(I/I0) because we are making a clear
distinction between the true absorption of the medium
(Kl) and the widely used approximation.

Experimental Section
Materials. The following films were used for ATR-IR

analysis: a commercial biaxially drawn PET film of thickness
12 µm, here referred to as the PET-T film; an amorphous PET
film (PET-D) stretched to a draw ratio λ ) 3.4 on an Instron
4204 machine at a temperature of 80 °C and at a rate of 0.013
s-1; a commercial oriented polypropylene film (OPP) of thick-
ness 20 µm. A 1.5 µm thick PET film supplied by GoodFellow
(PET-G) was used for transmission infrared analysis.

Optical Microscopy. A Leitz Wetzlar microscope equipped
with a polarizer and an analyzer was used to determine the
direction of the principal optic axes in the analyzed films.

Refractive Index Measurements. The principal refractive
indices of the polymer films were measured using an Abbe
refractometer equipped with a polarizing eyepiece at the
wavelength of the sodium D line (λ ) 589.6 nm). An immersion
liquid of high refractive index (nD

25° ) 1.7300) was used in
order to ensure good contact between the analyzed films and
the prism of the refractometer. All measurements were
performed at 23 ( 2 °C.

Infrared Spectroscopy. Infrared spectroscopy was per-
formed on a Perkin-Elmer Spectrum 2000 Explorer FTIR
spectrometer. All measurements were made with s- and
p-polarized light at a wavenumber resolution of 4 cm-1. Light
polarization was achieved using a KRS-5 wire grid polarizer
with an efficiency of 95% at 2000 cm-1.

The ATR-IR spectra of the polymer films were acquired
using a variable angle multipurpose reflection accessory
Seagull (Harrick Scientific Corp.) equipped with a rotating
hemispherical internal reflection element (IRE). All ATR-IR
measurements were done in the 4000-650 cm-1 region while
purging the sample compartment with nitrogen. The use of a
rotating hemispherical crystal allowed polarized light ATR-
IR spectra of the oriented films to be acquired along their
principal optic axes without breaking the sample/ATR crystal
contact.

Transmission measurements in the 4000-370 cm-1 region
were made at an angle of 30° from the film normal using a
Brewster angle attachment purchased from Harrick Scientific
Corp.

Programming. The optical constants of the analyzed films
were calculated in the 1800-680 cm-1 region using MATLAB.

Results and Discussion
Methodology for Quantitative Infrared Analysis

of Polymer Films Produced via the Flat-Film
Formation Process. The flat-film production of poly-
mer films typically involves the formation of an amor-
phous precursor film by rapid melt quenching followed

by sequential or simultaneous biaxial drawing in two
mutually orthogonal directions. During the deformation
the chains of the polymer become preferentially aligned
parallel to the drawing direction. The optical properties
of the polymer film therefore change continuously
throughout the process of flat-film formationswhile the
precursor is to a good approximation optically isotropic,
the stretched films can be expected to be optically
uniaxial or biaxial. Since biaxial drawing is carried out
in two mutually orthogonal directions, polymer films
formed via this method are bound to possess at least
orthorhombic symmetry in their optical properties. It
is therefore possible to take advantage in spectroscopic
experiments of the simplified propagation of light along
the principal planes of orthorhombic anisotropic media.
Thus, in accord with eq 7, three s-polarized light
measurements along the principal optical planes of a
polymer film are in general sufficient to extract its
principal optical constants. Because of the finite thick-
ness of polymer films, however, two measurements with
s-polarized light and one with p-polarized light must be
made in order to extract all principal optical constant
components (eqs 7 and 8). This is the approach used
throughout this work (Figure 2). Unless otherwise
stated, the axis of drawing (machine direction, MD) or
preferred film orientation is here denoted as the x axis,
the y axis corresponds to the direction lying in the plane
of the film normal to the x axis (transverse direction,
TD), and the z axis coincides with the film thickness or
normal direction (ND).

Program Validation and Extraction of Optical
Constants from Experimental Data. The extraction
of optical constants from ATR-IR spectra was performed
using Kramers-Kronig (KK) analysis due to its uni-
versality, computational simplicity, and speed. The
Kramers-Kronig equations have the following form:7

where P denotes the principal value of the integral.
Equations 12 include the term n2∞sthe refractive index
of the material in a nonabsorbing spectral region. For
the purposes of this work we used the refractive indices
measured with an Abbe refractometer as described in
the Experimental Section.

The code for extraction of optical constants was
validated using simulated ATR-IR spectra in a manner
similar to the one used previously for isotropic media.8-11

Virtual optical constant spectra were calculated using
a Lorentzian type harmonic oscillator function sug-
gested by Ohta and Ishida9 and used to calculate the
model ATR-IR spectra that were subjected to the KK
analysis. Figure 3 shows an example of a set of model
optical constants of an anisotropic absorbing medium
(top row) and the results of the KK calculations per-
formed on the model ATR-IR spectrum in the middle
and bottom rows. Comparison of the model and the
derived out-of-plane optical constant spectra of that
figure confirms that the KK calculation has returned
the correct values of k2z and n2z. In addition, the bottom
row of Figure 3 where the model and the calculated
reflectivity curves are overlaid shows that there is an
excellent fit to the model spectrum.
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The validation of the code for extraction of optical
constants was performed for both s- and p-polarized
light on model spectra of different intensity in order to
assess the accuracy of the code. In these calculations it
was routinely possible to obtain values of less than 10-6

for the standard deviation s ) [(∑ν)1
N (Rsim - Rcalc)2)/(N

- 1)]1/2, where N is the number of wavenumber points
in the calculation. In general, most rapid convergence
and highest accuracy were obtained for absorption
bands of low and medium intensity. For absorption
index spectra of k2max greater than 0.5, the accuracy of
the calculations decreased, and a greater number of
iterations were required to reach the predetermined
value of smin. The above is in line with a previous
assessment of the accuracy of KK algorithms.11

In extracting optical constants from experimental
spectra, there is the risk that noise or baseline distortion
could be transferred into the calculated n and k spectra

and lead to errors during concentration analysis. Poor
spectral quality can also lead to instabilities during KK
analysis. All ATR-IR experiments were therefore con-
ducted very carefully in order to meet the stringent
requirements for spectral quality. Purging the sample
compartment with nitrogen allowed the collection of
spectra with minimal noise. Baseline distortion was
minimized by maintaining the spectrometer well aligned
and optimizing the experimental conditions, e.g., sample
alignment, applied force when clamping the sample in
the ATR-IR accessory, etc. An example of the calculation
of optical constants from the s-polarized light ATR-IR
spectrum of a biaxially drawn PET film (PET-T) is given
in Figure 4. Calculations in this particular example were
stopped when the standard deviation reached a value
of 5 × 10-5. The latter was set as a target value for all
calculations due to the fact that our earlier work on
model spectra showed that the simulated optical con-
stants were reproduced with sufficient accuracy when
the standard deviation was brought to 10-4-10-5. The
target value for the standard deviation was reached in
most cases. Only in a small number of calculations
where bands of high absorption intensity were present
could the standard deviation not reach a value lower
than 3 × 10-3.

Optical Constants of PET. For most polymers
including PET there is a lack of published optical
constant standards. However, in quantitative ATR-IR
work where spectral intensities depend strongly on the
angle of incidence and on the refractive index of the ATR
prism, verifying that experimental conditions are right

Figure 2. Setup for polarized light measurements on optically biaxial polymer films. The optical axes of the sample (xyz) are
aligned with a Cartesian system of laboratory coordinates (XYZ).

Figure 3. KK software validation using model ATR-IR peaks.
Top row: optical constant spectra of a model anisotropic
medium. The optical constants were created using the follow-
ing parameters: k2xmax, ) 0.5, n2x∞ ) 1.68, k2zmax ) 0.2, n2z∞ )
1.6, νjmax ) 1300 cm-1. Middle row: results of the KK calcula-
tions performed on the model p-polarized light spectrum
formed using the above optical constants, and assuming n1 )
4.0 and θi ) 30°. Bottom row: model and calculated R spectra
overlaid.

Figure 4. Results of the KK analysis performed on an ATR-
IR spectrum of PET-T. The experimental conditions are as
follows: s-polarization, θi ) 40°, n1 ) 4.0, n2∞ ) 1.663. The
bottom row of the figure once more shows the experimental
and calculated R spectra overlaid.
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is only possible by subjecting the measured ATR-IR
spectra to KK analysis and comparing the extracted n
and k spectra with a standard. For a material the optical
constants of which are unavailable, obtaining the stan-
dard n and k spectra is a necessary first stage of its
quantitative spectroscopic analysis.

The ATR-IR analysis of PET with the purpose of
establishing its optical constants was performed on a
commercial film (PET-T) typical of that used in packag-
ing. The film proved optically biaxial with principal
refractive indices n2∞,x ) 1.663, n2∞,y ) 1.645, and n2∞,z
) 1.502. The difference between the in-plane refractive
indices ∆n2∞,xy ) 0.018 is small compared to ∆n2∞,xz )
0.161 and ∆n2∞,yz ) 0.143, which shows that PET-T
deviates only slightly from being optically uniaxial. This
is according to expectations because films used in
packaging usually undergo biaxial drawing with ap-
proximately equal draw ratios along MD and TD in
order to obtain balanced properties in the plane of the
film. We note that optically uniaxial films for which MD
) TD * ND are also termed “equibiaxial” by polymer
scientists.

The ATR-IR spectra of PET-T are presented in Figure
5a. The p-polarized light spectrum (Ryz) differs signifi-
cantly from the two s-polarized light spectra in the 900-
680 cm-1 range. However, since the electric field of the
incident light has components along both the in-plane
(y) and the film normal direction (z), Ryz bears a lot of
similarity with Ry in the rest of the spectral range. The
difference in optical properties along the three macro-
scopic film directions is much more clearly demonstrated
in Figure 5b, which shows the calculated absorption
index spectra of the film. There, the kx and ky spectra
are of a similar overall intensity. The intensity of most
bands in the kz spectrum range is about a third that of
the in-plane spectra, with the exception of the two bands
positioned at 873 and 726 cm-1, which exhibit perpen-
dicular dichroism. This result serves as further confir-
mation that despite a slight deviation from in-plane
isotropy the optical properties of PET-T are well bal-
anced in the in-plane direction.

Sample/ATR Crystal Contact. In Figure 5b it was
tacitly assumed that the presented k spectra are the
correct absorption index spectra of PET-T. It is however

Figure 5. Polarized light analysis of biaxially drawn PET-T: (a) principal ATR-IR spectra, n1 ) 4.0, θi ) 40°; (b) the extracted
principal absorption index spectra of PET-T. The inset to the figure shows the chemical structure of PET.
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well-known that one of the major drawbacks of ATR-
IR spectroscopy is the difficulty in ensuring reproducible
contact during measurements.

An example of what might go wrong in ATR-IR
experiments is presented in Figure 6a. The figure
contains the R curves of PET-T obtained using two
different hemispherical ATR crystals, ZnSe and Ge. The
attained depths of penetration (dp) with the two IREs,
calculated using the following expression12

are dp1340
ZnSe ) 1.13 µm and dp1340

Ge ) 0.71 µm. Since the
amount of light absorbed by the medium is proportional
to distance, the intensity of absorption peaks in the
RZnSe spectrum should be greater than the intensity of
absorption peaks in the RGe spectrum. In the example
of Figure 6a, however, the opposite is true.

The discrepancy can be explained by taking into
account that in FTIR work the sample spectrum is

obtained by ratioing a sample spectrum to a background
spectrum. To obtain the correct reflectivity spectrum,
the contact area during the sample single-beam mea-
surement should be equal to the area illuminated during
the background measurement. When this requirement
is not satisfied, the intensity of the absorption peaks in
the reflectivity spectrum is lower than their true
intensity. In the above example, the absorption intensity
is greater in the spectrum obtained using a Ge hemi-
spherical IRE because the latter acts as a surface of
revolution of higher refractive power and hence shorter
focal length than the ZnSe hemisphere. Light is there-
fore more focused at the sampling surface of the Ge
crystal than at the sampling surface of the ZnSe crystal.
Thus, better coverage of the illuminated area is achieved
in the former case when the sample is clamped to the
ATR crystal.

Figure 6b shows the k spectra of PET-T extracted
from the reflectivity curves of Figure 6a. Clearly,
depending on the experimental conditions in ATR-IR
measurements the magnitude of the calculated optical

Figure 6. Influence of the sample/IRE contact on ATR-IR absorption intensity: (a) ATR-IR spectra of PET-T measured using
ZnSe and Ge internal reflection elements; (b) absorption index spectra of PET-T calculated from the ATR-IR spectra shown above.
The depths of penetration quoted in the text have been calculated at 1340 cm-1 using the following parameters: θi,ZnSe ) 54°,
n1,ZnSe ) 2.43, θi,Ge ) 40°, n1,Ge ) 4.0, n2 ) 1.663.

dp ) λ
2π(n1

2 sin2 θi - n2
2)1/2

(13)
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constants can vary substantially. Having realized the
importance of the sample/IRE contact in quantitative
ATR-IR analysis, it becomes mandatory to find out
whether the optical constants of Figure 5b are correct
and indeed establish a standard for future reference.
Since the issue of adequate contact is always present
in ATR-IR measurements, the magnitude of the optical
constants of PET had to be further verified using
transmission infrared spectroscopy.

PET-T being 12 µm thick proved unsuitable for
transmission analysis. The film used for transmission
work is PET-G (nominal thickness 1.5 µm). The polar-
ized light spectra of PET-G measured along its principal
axes are presented in Figure 7a. The optical constants
of PET-G (Figure 7b) were extracted from its transmis-
sion spectra using the theory of wave propagation in
stratified media.3,5 During these calculations film thick-
ness was adjusted from its nominal value of 1.5 µm to
1.75 µm in order to eliminate the presence of interfer-
ence patterns in the derived absorption index spectra.
As evident from Figure 7b, the extraction of the k2z
spectrum has not been entirely successfulscalculations

had to be restricted to a smaller wavenumber range due
to the occurrence of instabilities. For the purpose of
comparison of optical constants obtained by a contact
and a noncontact method, however, the results of Figure
7b are satisfactory.

Figure 8 shows the structural factor spectra k0 ) 1/3-
(kx + ky + kz) of PET-T and PET-G. The intensities of
the two k2,0 spectra derived from ATR-IR and transmis-
sion infrared measurements are remarkably similar.
This proves that the contact between the PET-T film
and the Ge crystal in the measurements of Figure 5 has
been adequate. In view of this, all subsequent ATR-IR
work was conducted using Ge as the incident medium
without making additional changes in the experimental
setup.

The “contact issue” is inherent to ATR-IR spectros-
copy. In the words of Mirabella and Harrick,13 the
general use of this technique has been hampered by
doubts about its reproducibility and capability to be
quantitative. The last two works that have addressed
the influence of sample/IRE contact in determining
surface orientation in polymers are those of Mirabella14

Figure 7. Polarized light analysis of PET-G: (a) principal ATR-IR spectra; (b) principal absorption index spectra. The (n, k)
spectra were calculated using the following parameters: θi ) 30°, n1 ) n3 ) 1.0, n2∞,x ) 1.67, n2∞,y ) 1.64, n2∞,z ) 1.49.
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and Everall and Bibby.15 Mirabella14 concluded that due
to differing sample contact along the two in-plane
sample directions only ATR-IR methods involving band
ratios within a single spectrum can yield quantitative
and reproducible orientation functions. In a similar
fashion, Everall and Bibby15 used normalization of band
intensities relative to a nondichroic band prior to
calculating dichroic ratios. According to the authors,
normalization eliminates the need for maintaining
identical contact areas when removing, rotating, and
reclamping samples to the ATR crystal.

We note that in these works and in most previous
literature on the subject the sample/IRE contact is
treated in terms of its reproducibility or equality
between measurements. In our work we have introduced
the concept of contact adequacy. The phraseological
difference between the two approaches may seem subtle,
but the outcome of the two is very different. In the
former case one is resigned to making measurements
that do not yield the true reflectivity of the IRE/sample
interface and looking for partial solutions in order to
advance to “quantitative” analysis. In our contact
adequacy approach contact reproducibility is not an
issue. Contact adequacy is sought in order to (as
discussed earlier in this section) measure correctly the
reflectivity spectrum. Unless the correct reflectivity is
obtained, the extraction of optical constants as a first
stage of quantitative analysis becomes void of meaning.
Since our analytical approach is methodologically rigor-
ous, we have not had to use band normalization in the
calculation of orientation functions. In contrast to
Mirabella’s and Everall and Bibby’s experience, in our
work band intensities from the principal absorption
index spectra of PET (kx, ky, kz) were directly employed
in the analysis.16

Drawing Operations and Optical Anisotropy of
Polymer Films. The extraction of optical constants of
oriented polymers is not a well-established practice. In
particular, we have not found examples in the literature
where all three principal optical constant spectra of
optically biaxial polymeric systems have been deter-
mined. It is therefore pertinent to examine the anisot-
ropy of polymer films that have been subjected to a
different number of drawing operations.

As shown in the previous section, the optical proper-
ties of the PET-T film, which has been drawn along two
mutually orthogonal directions, are similar in the plane
of the film but substantially different along its thickness
direction. The film is therefore close to being optically
uniaxial with the unique optic axis being oriented along
the film thickness direction.

Below we examine the type of optical anisotropy
exhibited by an amorphous PET film (PET-D) drawn
in a nominally uniaxial-planar configuration. The PET-D
film had some degree of preferred chain orientation but
was able to partially relax when brought above its glass
transition temperature in the grips of the Instron
machine, before being drawn to a draw ratio λ ) 3.4.
The measured principal refractive indices of the drawn
film nx ) 1.652, ny ) 1.558, and nz ) 1.524 and its
polarized light ATR-IR spectra (Figure 9a) show that
the resulting film possesses well-defined optical biaxi-
allity. The latter is further manifested in Figure 9b
where the extracted absorption index spectra of the film
are shownsall three k-spectra of the drawn PET-D film
are very different in intensity. These results agree well
with previous investigations of oriented PET,17-20 which
have shown that isotropic PET films subjected to
uniaxial planar (constant width) deformation become
optically biaxial.

It is important to note that in some cases the optical
anisotropy of polymer films has been assigned on the
basis of the number of drawing operations the films
have endured; i.e., one-way drawn films have been
treated as optically uniaxial,21-23 and films formed by
drawing along two orthogonal directions have been
treated as optically biaxial.22 In such analyses the
optical properties of one-way drawn films are assumed
equal along the transverse and thickness direction,
whereas the optical properties of biaxially drawn films
are assumed substantially different along all three film
directions. The results on PET-T (Figure 5) and PET-D
(Figure 9), however, clearly show that there is no
equivalence between the number of drawing operations
and the optical properties of polymer films. Therefore,
when analyzing polymer films formed by tensile draw-
ing, their anisotropy must be carefully examined in
order to make sure that the subsequent use of spectro-

Figure 8. Structural factor spectra (k2,0) of PET-T and PET-G.
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scopic data for concentration and molecular orientation
analysis is methodologically correct.

The anisotropy of polymer films can be foreseen if
there is available information about the type of optical
anisotropy exhibited by the polymer structural units,
i.e., uniaxial or biaxial, and about the macroscopic
orientation of polymer chains.24 It is well established
that tensile drawing of amorphous isotropic polymers
leads to chain alignment along the direction of drawing.
A one-way drawn polymer film composed of optically
uniaxial microscopic units will therefore be optically
uniaxial with the unique optic axis coinciding with the
direction of drawing. If the microscopic constituent unit
is optically biaxial, the macroscopic uniaxiallity of a one-
way drawn polymer film must result from the random
orientation of the structural units about their long chain
axes. In the case in which the orientation about the long
chain axes is not random, the film is bound to be
optically biaxial.

In PET film production, the drawing of the amorphous
and isotropic precursor material proceeds through a
gauche/trans conformational change of the ethylene

glycol (EG) residue and chain orientation of the mono-
mer units containing trans-EG along the direction of
drawing, followed by strain-induced crystallization. In
Figure 9b, the absorptions located at 1340 and 971 cm-1

that are associated with the trans-EG conformer are
very different in intensity in all three absorption index
spectra. The same is true for the complex C-O bands
centered about 1260 and 1100 cm-1 and for the 1018
cm-1 in-plane and 875 cm-1 out-of-plane benzene ring
vibrations. The fact that the intensity of the 875 cm-1

band is greatest in the kz spectrum shows that there is
a preferential alignment of the benzene rings in the
plane of the film. The orientation of the PET monomer
units about their long axes is hence not random. The
result of Figure 9b therefore provides strong evidence
that PET monomer units containing EG segments in
the trans conformation are optically biaxial.

Here we note that the classical models of the develop-
ment of the photoelastic properties of deformed molec-
ular networks25-27 are based on the assumption of
transverse polarizability isotropy. The use of such
models in the analysis of the deformation of PET films

Figure 9. Polarized light analysis of the nominally uniaxially drawn PET-D film: (a) principal ATR-IR spectra, θi ) 40°, n1 )
4.0; (b) principal absorption index spectra of PET-D.
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therefore requires further refinement in order to account
for the occurrence of a gauche-trans conformation
change in PET during drawing.

Optical Constants and Degree of Crystallinity
of OPP. The optical constants of polypropylene were
extracted from the ATR-IR spectra of a commercial film.
Infrared measurements made along several sample
directions showed that the film is composed of isotactic
polypropylene and that it has a direction of preferred
chain orientation. The principal refractive indices of the
film measured using an Abbe refractometer are n2∞,x )
1.519, n2∞,y ) 1.504, and n2∞,z ) 1.499. Despite the small
refractive index differences, the film is clearly optically
biaxial, and the application of the transverse isotropy
approximation in its analysis is not appropriate. This
is further corroborated by the polarized light ATR-IR
spectra and the extracted principal absorption index
spectra of the OPP film (Figure 10).

The intensities of the 998 and 973 cm-1 bands in the
absorption coefficient (K0) spectrum of the OPP film
were used to estimate its degree of crystallinity in accord
with a method suggested by Quynn et al.28 The method
is based on the linear relationship between the ratio of

the 998 and 973 cm-1 bands and the density of isotactic
polypropylene. The 998 cm-1 band arises from CH
bending and CH3 rocking vibrations of the regular
helical structure of isotactic polypropylene whereas the
972 cm-1 is caused by coupled backbone C-C stretching
and CH3 rocking vibrations.29 The estimated surface
degree of crystallinity of the polypropylene film (ca.
80.5%) was found to be very similar to the degree of
crystallinity of the bulk (ca. 80%) estimated from X-ray
diffraction data. This result is in accord with previous
comparisons of the surface and bulk structure of OPP
films.30,31

Summary and Conclusions
We have employed the optical theory in the first stage

of the quantitative ATR-IR analysis of anisotropic
polymer filmssthe extraction of optical constants. Ex-
amples of optical constant extraction of PET were
presented from which it is clear that unless care is taken
to achieve adequate sample/ATR crystal contact, the
intensity of absorption bands in the measured reflec-
tivity spectra is diminished. As a result, the pair of n
and k spectra calculated using KK analysis can be

Figure 10. ATR-IR analysis of oriented polypropylene: (a) polarized ATR-IR spectra, θi ) 32°, n1 ) 4.0; (b) principal absorption
index spectra.
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substantially different from the true materials proper-
ties. Assessing contact adequacy however is difficult in
the absence of optical constant standards. Contact
adequacy in our experiments was proven by comparing
the (n, k) spectra of PET calculated in the 1800-670
cm-1 range from ATR-IR and transmission infrared
spectra. The optical constants of isotactic polypropylene
in the 1400-800 cm-1 range were also presented.

We examined the type of optical anisotropy exhibited
by PET films formed by one and two drawing operations.
Uniaxial-planar PET films are strongly optically biaxial.
In contrast, PET films formed by drawing to a similar
draw ratio along two mutually orthogonal directions are
close to being optically uniaxialsthe optical properties
are similar in the plane of the film but very different
along the film thickness direction. The differences in
optical anisotropy can be related to the difference in
chain orientation induced during uniaxial-planar and
biaxial deformation and to the anisotropy of the PET
monomer unit. The example with PET films shows that
the optical anisotropy of polymer films formed by tensile
drawing cannot be assigned on the basis of the number
of drawing operations. The anisotropy of such films
must therefore be carefully examined in order to choose
the right methodology in any subsequent concentration
and molecular orientation analysis.
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