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ABSTRACT: Quantitative analysis method for the calculation of three-dimensional (3D) orientation of
poly(trimethylene terephthalate) (PTT) with polarized FTIR-ATR spectroscopy has been discussed. To
experimentally obtain a set of four ATR infrared spectra required for 3D orientation analysis, it is
necessary to rotate a sample and/or polarizer by 90° upon completion of each measurement of ATR
spectrum. Quality of optical contact was demonstrated to be a function of clamping pressure along two
beam paths in double-edged parallelogram ATR crystal used in this work. For uniaxially stretched PTT,
the band at 1410 cm-1 was found to be a reference band, the absorbance of which is not affected by
orientation state as well as conformation and crystallinity change. By controlling the temperature of
sample and ATR crystal, the quality of optical contact could be continuously varied. It was found that
the absorbance ratio of two waves (ATM/ATE) experimentally measured was smaller than the theoretical
one unless the sample was in a completely molten state. By multiplying the normalized TM absorbance
with the theoretical effective thickness ratio (de,TM/de,TE), three attenuation indices along three orthogonal
directions were successfully obtained for uniaxially stretched PTT samples.

Introduction

FTIR-ATR spectroscopy utilizes the total internal
reflection of the propagating infrared radiation occur-
ring at the interface between the optically denser
medium (ATR crystal) and optically rarer medium
(sample), when the angle of incidence exceeds the
critical angle. Upon reflection at the interface, the
evanescent wave, the field strength of which is decaying
exponentially inside the optically rare medium, might
be absorbed selectively by the sample. Since the result-
ant reflectance infrared spectrum can be used to analyze
the surface structure of the sample, ATR-FTIR spectros-
copy1-20 is widely used for the characterization of
polymeric thick films, fibers, fabrics, and coatings for
which the transmission infrared method may not be
easily applied.

A number of methods have been used to study the
orientation status, since the physical properties of
polymeric materials may be significantly affected by the
orientation of polymeric chains, crystals, and domains.
Infrared spectroscopy has been widely used for polymer
orientation analysis since it provides the orientation
information on multiple segments constituting the long
polymer chain selectively. The transmission infrared
method using normal incidence can provide orientation
information only in two dimensions. Even though it is
possible to obtain 3D orientation information with the
transmission infrared method using a tilting proce-
dure,21-24 it cannot be used for a thick sample for which
FTIR-ATR method can be easily applied. Furthermore,
FTIR-ATR can be a very useful method for quantitative
3D orientation analysis when temperature of the sample
is to be controlled precisely.

Even though the FTIR-ATR method can provide
unique orientation information in three orthogonal
directions, it has not been extensively used for the
quantitative analysis of polymer orientation due to the

inherent experimental difficulties (ED) such as ED(1)
irreproducibility of optical contact between sample and
ATR crystal and ED(2) dependence of the effective
thickness ratio for TE and TM waves (ATM/ATE) on
irreproducible optical contact.

To obtain three-dimensional orientation information
with FTIR-ATR using a procedure initially suggested
by Flournoy and Schaffers,1,2 a set of four different
infrared spectra have to be obtained using four different
experimental geometries of oriented sample and polar-
izer, which can be satisfied by rotating the sample and
polarizer by 90°.4-8,15,16 For rotation of oriented sample,
the sample has to be detached from and remounted to
the ATR crystal, which is the main reason for the
nonuniform optical contact between sample and ATR
crystal (ED(1)). Three experimental methods have been
introduced to solve the ED(1). The first method is to
normalize all absorbance with the absorbance of the
“reference band”, the absorbance of which is not affected
by orientation state of sample being studied.11,13 Ap-
plicability of this method is limited for some polymer
samples containing such a reference band. The second
method to circumvent the ED(1) is to use a specially
designed ATR crystal and its holder with which the
rotation of oriented sample can be carried out without
breaking the optical contact between sample and ATR
crystal.5,6 The typical geometry of such a crystal is a
symmetrical double-edge parallelogram of which four
sides are cut to 45°, allowing two perpendicular beam
paths in an ATR crystal. Even thought this method has
alleviated the ED(1) to some extent by maintaining the
optical contact during rotation of sample, it was found
that two beam paths inside an ATR crystal do not give
identical optical contact mainly due to the anisotropic
surface structure of the oriented sample.8 The last
method was to use the absorbance ratio of a parallel
band to a perpendicular band for the polymer chain
showing cylindrical symmetry.8 This method, however,
has been applied only to the polypropylene sample thus
far.
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Infrared dichroism of a certain band using the ATR
method can be calculated by dividing two corresponding
normalized absorbances of infrared spectra obtained at
two specific sample positions while maintaining polar-
izer direction. However, spatial orientation along three
directions can be calculated from four spectra obtained
at two sample and polarizer directions with Flournoy
and Schaffers’ method. The optical contact problem
occurring when rotating a sample has been discussed
in the previous paragraphs. Electric field intensity of
totally reflecting radiation at the interface between ATR
crystal and sample depends on the polarizer direction
(TE or TM mode), resulting in very different effective
thickness (de). Furthermore, the magnitude of effective
thickness at a certain polarizer direction (de(TE) or de-
(TM)) is affected by many experimental factors such as
refractive indices of sample and crystal, wavelength of
infrared radiation for a specific band, and angle of
incidence.3 To get the quantitatively correct result on
the three-dimensional orientation using Flournoy and
Schaffers’ method, the effective thickness ratio (de(TM)/
de(TE)) experimentally obtained has to be identical with
the theoretical one.3 However, the effective thickness
ratio obtained experimentally is sensitively affected by
the optical contact between sample and ATR crystal.
When the optical contact is not “ideal”, the experimental
effective thickness ratio has been reported to be smaller
than the theoretical one.9,10 In a method suggested by
Sung and co-workers, a different angle of incidence was
used for two polarizer directions to ensure a desired
effective thickness at two directions.6 In a work on the
spatial orientation analysis of PET, the absorbance of
a specific band was normalized with the absorbance of
the 1410 cm-1 band that had been successfully used as
a reference band in many previous works.13

In this work, those experimental problems mentioned
above will be considered, and a method will be suggested
to obtain quantitative three-dimensional orientation
information using the FTIR-ATR method. Applicability
of the suggested method will be tested with poly-
(trimethylene terephthalate) (PTT), an aromatic poly-
ester which is extensively being studied for new candi-
date material for fiber and film.25-28

Experimental Section
Material. PTT used in this work was synthesized with 1,3-

propanediol and terephthalic acid. The intrinsic viscosity of
PTT measured in dichloroacetic acid at 30 °C was 0.84 dL/g.
The synthesized PTT polymer was heated to 245 °C for melt
pressing (Tm ) 225 °C) followed by quenching into ice water
to form the melt-quenched amorphous PTT film. The amor-
phous film was then uniaxially deformed with 10%/s speed at
55 °C (Tg ) 45 °C) inside a temperature-controlled stretcher.

ATR Measurement. For the ATR measurement, a double-
edged parallelogram ATR crystal (45° cut, KRS-5, Harrick Sci.
Corp.) initially designed by Sung and co-workers was used
along with the rotatable sample holder.6 Using variable angle
ATR attachment (Nicolet Corp.), the angle of incidence (θ) of
the infrared radiation at the interface between ATR crystal
and polymer film was set to 45°. When mounting polymer film
to ATR crystal, a torque wrench was used to maintain constant
pressure between them. All ATR spectra were obtained using
Nicolet 520 FTIR spectrometer equipped with liquid nitrogen
cooled MCT detector at 2.0 cm-1 resolution and 32 scans.
Polarization of infrared radiation was achieved by inserting
wire-grid polarizer (KRS-5, Harrick Sci. Corp.) between ATR
setup and detector.

Figure 1 shows the schematic picture for the temperature-
controlled ATR setup. Temperature of the sample was con-
trolled by lab-built heating plate. A thin ceramic plate (mica)

was wound with Nichrome wire, and the whole thing was
sandwiched between two mica plates to ensure a flat surface.
Three mica plates were glued together with ceramic paste.

Upon heating the sample to a certain temperature, it was
maintained at that temperature at least for 3 min to ensure
an equilibrium structure at that temperature before four
different infrared spectra were being taken at different ATR
setup (with sample) and polarizer directions. With one-
dimensional ATR crystal containing only one beam path, the
sample has to be detached from and remounted to the ATR
crystal to obtain three-dimensional orientation information.
It would be, then, impossible to maintain a constant temper-
ature during measurements of four infrared spectra. Therefore,
two-dimensional ATR crystal seems to be inevitable for the
three-dimensional orientation experiment, when sample tem-
perature has to be controlled precisely. With the ATR crystal
setup used in this work, the sample inside the ATR setup could
be rotated while maintaining the temperature of the sample
and clamping pressure between sample and ATR crystal
constant.

Results and Discussion
Figure 2 shows experimental geometries for sample

and polarization directions, which are used for the
measurement of four different infrared spectra required
for the calculation of three-dimensional orientation
information. Polarization modes (TE or TM) of the
incident radiation were selected by rotating the polar-
izer. Sample position in the four coordinates in Figure
2 was denoted as the sample direction that is perpen-

Figure 1. Temperature-controlled FTIR-ATR setup contain-
ing double-edged parallelogram ATR crystal and heating
plates.

Figure 2. Coordinate systems of ATR measurements for
three-dimensional orientation analysis. Polarizer direction
determines either transverse electric (TE) or transverse
magnetic (TM) component of incident IR radiation. The sample
was stretched along the machine direction (MD(x)) for uniaxial
deformation.
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dicular to the plane of incidence. ATM,TD is, for example,
absorbance of a certain band obtained with TM polar-
ization and sample position of which TD direction is
perpendicular to the plane of incidence. The three
electric field components, i.e., Ex, Ey, Ez, of the incidence
radiation were parallel to three principal directions, i.e.,
MD, TD, and ND directions of the uniaxially deformed
samples, respectively. Whereas the electric component
of the TE mode exists only along the film plane (Figure
2A,B), that of the TM mode consists of two components,
i.e., parallel and perpendicular to the film plane. (Figure
2C,D). Three spatial attenuation indices (kx, ky, kz) can
be calculated using eq 1 and four absorbances (ATE,MD,
ATM,MD, ATE,TD, ATM,TD) measured from a specific infrared
band of four different infrared spectra obtained with
four geometries in Figure 2,

where R, â, and γ are constants, determined by the
refractive indices of crystal and polymer, and angle of
incidence (θ) as shown in eq 2.

In eqs 1 and 2, the average refractive index of polymer
is used ((nx + ny + nz)/3 ) njpolymer). As noted from eq 2,
the three constants (R, â, γ) are functions of the
refractive index. If refractive indices along three direc-
tions become very different from each other upon
deformation, and if dispersion effect becomes significant,
three-dimensional information calculated with eq 2,
then, contains a certain amount of calculation error.1,10

In most FTIR-ATR works on 3D orientation analysis
previously published, the refractive index (n) in eq 2 is
usually calculated on the basis of the refractive index
of isotropic sample (nj). Provided that quantitative
analysis is limited to infrared bands of low absorbance
of which refractive indices are not very different from
the average value, the dispersion effect could be mini-
mized, and the calculation error was small enough not
to change the general trend of calculated results.6,10,13,15

As mentioned previously, optical contact between ATR
crystal and sample plays an important role for accurate
calculation of the three-dimensional orientation. To
obtain the quantitative 3D orientation information by
applying experimental FTIR-ATR spectra directly to eq
1, the optical contact has to be ideal. For most experi-
mental conditions, it is very difficult to maintain the
ideal optical contact. In the following sections, therefore,
we are going to discuss various experimental problems
related to the optical contact between sample and ATR

crystal and its change upon rotation of sample and
polarizer. The effect of optical contact change on the
effective thickness of TE and TM waves will be also
evaluated. As a conclusion, a new method to solve the
optical contact problem will be suggested, and its
applicability will be tested with uniaxially stretched
PTT films.

Effect of Optical Contact between Sample and
ATR Crystal on Infrared Absorbance. It was men-
tioned that with one-dimensional ATR crystal the
sample has to be detached from and remounted to the
ATR crystal in order to get 3D orientation information.
To estimate the magnitude of optical contact effect on
the infrared absorbance, absorbances of six infrared
bands were measured as a function of clamping pressure
using the melt-quenched amorphous PTT film at room
temperature, and the results are shown in Figure 3.
Since there is additional beam path (path 2) in two-
dimensional ATR crystal, similar measurement was
repeated and shown again in the same figure with open
data points. It is clear that absorbance increases almost
linearly with clamping pressure. Furthermore, there is
some discrepancy between two corresponding absor-
bances obtained along two different beam paths, even
though the difference may be small for some bands.
These two facts appear to indicate that it will be very
difficult to maintain identical optical contact if reclamp-
ing process is required as with one-dimensional ATR
crystal.

The double-edged crystal used in this work was,
initially, expected to solve the optical contact problem
related to the reclamping process. With this ATR
crystal, the spectra in four different geometries shown
in Figure 2 can be obtained without breaking an optical
contact between sample and ATR crystal. If we can
obtain identical optical contact during measurement of
a set of four different spectra, then, the normalization
process with a reference band is not required. In the
work reported later by Mirabella, it was found that two

ATE,MD ) Rkx

ATM,MD ) âky + γkz

ATE,TD ) Rky

ATM,TD ) âkx + γkz (1)

R ) 4n2 cos θ
(sin2 θ - n2)1/2(1 - n2)

â )
4n2 cos θ(sin2 θ - n2)

(sin2 θ - n2)1/2(sin2 θ - n2 + n4 cos2 θ)

γ ) 4n2 cos θ sin2 θ
(sin2 θ - n2)1/2(sin2 θ - n2 + n4 cos2 θ)

n )
njpolymer

ncrystal
(2)

Figure 3. Absorbance change as a function of the pressure
between ATR crystal and the melt-quenched amorphous PTT
film. The filled and open symbols represent the absorbances
obtained along two beam paths of a double-edged ATR crystal
(solid, path 1; open, path 2).
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beam paths in a double-edged parallelogram ATR
crystal also do not ensure identical optical contact,
especially if an anisotropic sample is used.8 The aniso-
tropic surface texture was known to cause difference in
the optical contact. Therefore, it can be, again, concluded
that the normalization process is required even for two-
dimensional ATR crystal with which a set of four spectra
can be measured without breaking an optical contact.

In a paper on orientation work of uniaxially stretched
PET using FTIR-ATR spectroscopy by Walls, several
infrared bands were examined to be used as a reference
band of which absorbance is not affected by the struc-
tural parameters such as chain orientation, conforma-
tion, and crystallinity.11 By examining bands at 790,
1410, and 1510 cm-1, he found out that whereas ATE/
ATM values of 790 and 1510 cm-1 bands showed parallel
dichroism, that of the 1410 cm-1 band showed practi-
cally no dichroism for all samples drawn to various draw
ratios. On the basis of these results and others in
subsequent works, it was confirmed that band at 1410
cm-1 can be used as a reference band for 3D orientation
work of uniaxially stretched PET using FTIR-ATR
spectroscopy.12,13

Since PTT is a also aromatic polyester having a
similar chemical structure as PET, we tested the
applicability of 1410 cm-1 band as a reference band
using three independent experiments. First, to evaluate
the dichroic characteristics, the melt-quenched amor-
phous PTT films were drawn to various draw ratios
inside a temperature-controlled mechanical stretcher.
Using polarized infrared spectroscopy based on trans-
mission method, dichroic ratios (Dxy) of three different
bands were obtained, and the results are shown in
Figure 4. The band at 1410 cm-1 is associated with the
aromatic ring vibration and those at 1385 and 1358
cm-1 with the CH2 wagging in amorphous and crystal-
line phases, respectively.29 As can be seen from Figure
4, the band at 1410 cm-1 shows almost a constant
dichroic ratio for all draw ratios, whereas those two
wagging bands show parallel dichroism. This result
indicates that the band at 1410 cm-1 does not show
dichroism in the film plane (xy plane). We also measured
three refractive indices along three principal directions
(nx, ny, nz) of uniaxially stretched PTT samples, and the
results are shown in Figure 5. Before drawing, all three
indices showed identical values indicative of isotropic
state. Upon uniaxial drawing, nx increases continuously,
whereas ny and nz decrease. Furthermore, ny values are
very close to the corresponding nz values for all draw
ratios studied. These results indicate that the uniaxially

stretched PTT sample maintains cylindrical symmetry
around the deformation direction. Combining the results
in Figures 4 and 5, we can conclude that the band at
1410 cm-1 of uniaxially stretched PTT does not show
dichroism not only in the xy plane but also in the yz
plane.

The last method we used to confirm the validity of
the 1410 cm-1 band as a reference band was to examine
the correlation of band absorbance with the internal
structures such as conformation and crystallinity of
PTT. By placing a thin amorphous PTT film between
two KBr disks that are inserted into a heating block,
the absorbance of three bands was measured while
temperature of the sample was changed, and the results
are plotted in Figure 6. Absorbance was measured
during first heating, cooling, and second heating periods.
For clarity, all absorbance was normalized with that at

Figure 4. Dichroic ratio (Dxy) as a function of draw ratio.
Figure 5. Three refractive indices (nx, ny, nz) along MD, TD,
ND directions of uniaxially stretched PTT films. Drawing rate
was 10%/s at 55 °C.

Figure 6. Relative absorbance as a function of temperature
during first heating, cooling, and second heating: (A) 1410,
(B) 1385, and (C) 1358 cm-1.
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room temperature before initial heating. From Figure
6c, it can be see that the absorbance of the 1358 cm-1

band increases abruptly at about 50 °C, at which
temperature the amorphous PTT sample used here
undergoes the cold crystallization process. Upon crystal-
lization, crystalline content increases abruptly, resulting
in a sudden increase of the 1358 cm-1 band absorbance.
As the temperature increases further up to about 220
°C, absorbance shows a slight increase. Upon further
heating above 225 °C, absorbance decreases abruptly
due to melting transition of PTT. If the molten PTT is
slowly cooled again (data shown in stars), crystallization
occurs again at about 220 °C, resulting in the sudden
increase. Further decrease of the temperature causes
gradual increase of crystalline contents. As shown in
Figure 6A, the absorbance of the 1410 cm-1 band is not
sensitively affected by the thermally induced phase
changes. The fact that the 1410 cm-1 band does not
show any abrupt intensity change upon cold crystal-
lization (∼50 °C), melting (∼220 °C), and recrystalliza-
tion during heating and cooling process indicates that
the absorbance of the 1410 cm-1 band is not directly
related to the chain conformation and overall crystal-
linity.

On the basis of the results of three independent
experiments mentioned above, it could be concluded that
the band at 1410 cm-1 can be used as a reference band
for three-dimensional orientation analysis of uniaxially
stretched PTT using polarized FTIR-ATR spectroscopy.

Difference in the Effective Thickness of TE and
TM Waves. Absorbance of a specific band obtained from
the FTIR-ATR spectrum is affected not only by those
factors (orientation and quality of optical contact be-
tween sample and ATR crystal) explained in the previ-
ous section but also by polarization direction of incident
IR radiation. The effective thickness for TE and TM
waves (de,TE, de,TM) can be calculated with the following
equations:

As can be seen from eq 3, the effective thickness of
both waves is a function of refractive index of sample,
angle of incidence and the wavelength of the infrared
radiation. Furthermore, the effective thickness of the
TM wave (de,TM) is always greater than that of the TE
wave (de,TE). To analyze 3D orientation quantitatively
with FTIR-ATR, therefore, it is important to consider
the dependency of absorbance on the polarization direc-
tion.

When the angle of incidence is 45°, the effective
thickness ratio (de,TM/de,TE) of two waves is 2 for any
isotropic samples, which can be confirmed easily with
eq 3. This means that the ratio of two absorbances (ATM/
ATE) in eq 2 should become 2, provided that the contact
between sample and ATR crystal is perfect. In many
works reported already, the absorbance ratio (ATM/ATE)
measured experimentally was about 1.3-1.7, which is
well below the theoretical one.9,10,18 Gupta explained
that deviation of experimental observation from theo-
retical prediction is mainly due to the false radiation

that is caused by the small scratch and chips on a
sample surface.9 He claimed that it might be very
difficult to obtain perfect contact between sample and
ATR crystal experimentally.

In this work, the absorbance ratio was measured
experimentally in order to evaluate the relationship
between effective thickness ratio of two waves and
quality of optical contact. Using the melt-quenched
amorphous PTT film and KRS-5 double-edged ATR
crystal, the ATM/ATE value of the 1410 cm-1 band was
measured as a function of clamping pressure at 45°
angle of incidence, and the results are shown in Figure
7. As can be seen from the figure, the ratio increases
continuously as the clamping pressure increases. As the
pressure increases from 20 to 35 oz/in.2, the ratio
increases from 1.1 to 1.3, which is much lower than the
ideal value of 2. Very similar results were obtained for
both beam paths. This fact indicates that the absorbance
ratio (ATM/ATE) is a function of the quality of optical
contact. Furthermore, it will be very difficult to secure
ideal optical contact experimentally.9,10

There must be a certain experimental limitation to
enhance the quality of optical contact just by increasing
clamping pressure because high clamping pressure
might distort the sample. The ATR crystal might be
mechanically damaged if the clamping pressure is
applied beyond a critical value. Gupta measured the
ATM/ATE value with a liquid sample (hexadecane) with
which surface structure causing the false radiation can
be minimized.9 Even though the absorbance ratio mea-
sured experimentally was found out to be close to the
theoretical one, he claimed that it would not be easy to
maintain ideal contact even with the liquid sample.

In this work, temperature of the sample and FTIR-
ATR crystal was controlled to enhance the quality of
optical contact. Using a temperature-controllable two-
dimensional FTIR-ATR setup explained in the Experi-
mental Section, both absorbances (ATM, ATE) of the 1410
cm-1 band were measured at two different polarization
directions, and the ratios are plotted in Figure 8 as a
function of temperature for three samples drawn to
three different draw ratios. Measurement was repeated
for both beam paths and during the cooling process also
for selected samples. Since the 1410 cm-1 band, as a
reference band for uniaxially stretched PTT, was con-
firmed not to be influenced by the structural parameters

Figure 7. Absorbance ratio of TE and TM waves for the 1410
cm-1 band obtained along two beam paths of double-edged ATR
crystal as a function of the pressure between ATR crystal and
the melt-quenched PTT film.

de(TE)
λ1

) n cos θ
π(1 - n2)(sin2 θ - n2)1/2

de(TM)
λ1

)
n cos θ(2 sin2 θ - n2)

π(1 - n2)[(1 + n2) sin2 θ - n2](sin2 θ - n2)1/2

λ1 ) λ/ncrystal (3)
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such as orientation and conformation changes already,
its absorbance change should be directly related to
variation of the quality of optical contact between
sample and ATR crystal. At room temperature, absor-
bance ratio of the isotropic sample was much lower than
that of theoretical one (Figure 8A), which is consistent
with the data in Figure 7. As the temperature increases
above room temperature, the ratio increases abruptly
at about 45 °C. Upon transition from glassy to rubbery
state (Tg ) 45 °C), the optical contact was suddenly
improved. However, its magnitude is still smaller than
the theoretical one. Its ratio shows small change up to
about 150 °C (beam path 1) or 190 °C (beam path 2),
and upon further increase of temperature, it starts to
increase again with much higher rate. According to DSC
results (data not shown), the melting endotherm of cold
crystallized isotropic sample spans from about 190 to
238 °C, which approximately corresponds to the fast
increase of absorbance ratio in Figure 8A. It is interest-
ing to note that the experimental absorbance ratio of
molten PTT (at T ) 240 °C) is very close to the
theoretical one. Also, it should be noted that the ratio
is always smaller than the theoretical one unless the
sample is in a completely molten state. Furthermore,
there is a significant difference between data along the
beam path 1 and the corresponding data along the beam
path 2.

The absorbance ratios obtained with PTT samples
uniaxially drawn-to-draw ratio (DR) of 2 and 3 are
shown in Figure 8, B and C, respectively, as a function
of temperature. For these samples, measurements made
during cooling period are also included. Since the heated
sample was cooled by a natural cooling process, data

points during cooling process are not as extensive as
the ones during heating process. For both samples, the
ratio at room temperature are again well below 2. Upon
heating just above Tg, the sudden increase of the ratio
is not as significant as the corresponding one of the
isotropic sample. Even though the sample of DR ) 2
showed a small abrupt increase of the ratio upon glass
transition only along the beam path 1, discontinuous
changes at Tg for other three cases are insignificant. To
understand this results, it might be useful to recall the
DSC results again. Whereas the heat capacity of the
isotropic sample increased abruptly during glass transi-
tion, that of the drawn sample showed minimal discon-
tinuous changes. With the sample drawn to DR ) 4,
heat capacity change during glass transition could not
be clearly confirmed from its DSC thermogram. As
temperature increases further above Tg, the ratio in-
creases again with unpredictable fashions. However, it
reaches close to the theoretical one when the temper-
ature is above the melting temperature of PTT.

We found out that the contact becomes very close to
an ideal one if sample turns into a completely molten
state. It will be interesting to check the quality of optical
contact upon cooling the completely molten sample. In
general, absorbance ratio dropped below the theoretical
value when temperature was lowered well below the
recrystallization temperature. This result confirms again
that ideal optical contact might be secured only with
the completely molten sample. There are few data points
that are slightly higher than the theoretical value in
Figure 8B. We do not understand its origin at this
moment. It might be just due to the experimental
uncertainty. On the basis of the results in Figure 8, we
could conclude that the quality of optical contact is far
from ideal when the sample is in a solid state. It would
be, therefore, almost impossible to have the effective
thickness ratio of TE and TE waves close to a theoretical
value during temperature scan over wide range. Fur-
thermore, the effective thickness ratio value experimen-
tally obtained is sensitively affected by the thermody-
namic state of polymer.

Method To Eliminate the Effective Thickness
Difference between TM and TE Waves. When
calculating attenuation indices (kx, ky, kz) of the isotropic
sample with the eq 1 for a 45° angle of incidence, the
experimental absorbance of the TM wave (ATM) has to
be twice the corresponding absorbance of the TE wave
(ATE) to come up with three attenuation indices (kx, ky,
kz) of identical magnitude. And it was mentioned in the
previous section that absorbance ratio experimentally
obtained is, in general, far from the theoretical value.
Furthermore, in the first section of Results and Discus-
sion, we explained the necessity of normalization pro-
cess with a reference band even when using the double-
edged parallelogram ATR crystal with which the
remounting of sample to the ATR crystal is not neces-
sary during measurement of a set of four spectra.

If we normalize any absorbance of a selected band
with that of a reference band, the absorbance ratio of a
normalized TM band to a corresponding TE band will
become unity, i.e., (ATM/ATM(reference))/(ATE/ATE(reference)) )
1, provided that the sample is in an isotropic state and
θ ) 45°. Therefore, by multiplying the normalized
absorbance of TM wave by 2, the normalized TM
absorbance will become the theoretically expected value,
which is twice the normalized TE absorbance. For any
other angle of incidence, the normalized absorbance of

Figure 8. Absorbance ratio of TE and TM waves for the 1410
cm-1 band as a function of temperature: (A) melt-quenched
amorphous PTT film; (B) uniaxially drawn PTT film (DR )
2); (C) uniaxially drawn PTT film (DR ) 3).
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TM wave should be multiplied by de,TM/de,TE, the theo-
retical effective thickness ratio. All calculation processes
discussed so far for the quantitative analysis of three-
dimensional orientation analysis of PTT with FTIR-ATR
spectroscopy can be summarized with the eq 4, where
all symbols except P are defined already in eq 2.

With eq 4, the problem related to optical contact
change upon rotation of sample and ATR crystal is
removed by normalizing with a reference band (normal-
ization step). The effective thickness difference, which
was eliminated by the normalization process, can be
brought out again by multiplying the normalized TM
absorbance with the theoretical effective thickness ratio
(P) (recompensation step).

In Figure 9, three attenuation indices (kx, ky, kz) of
the 1358 cm-1 band (CH2 wagging of crystalline phase)
calculated without (A) and with (B) “recompensation
step” are plotted as a function of draw ratio for uniaxi-
ally stretched PTT. Since the attenuation indices in
Figure 9 have been calculated using the normalized
absorbance, the absolute numbers in Figure 9 are
attenuation indices divided by a constant, which is the
absorbance of a reference band. However, the relative
magnitude between three indices should be maintained
throughout the calculation process. For both data, all
absorbance was normalized with that of the reference
band at 1410 cm-1. Both data show qualitatively a

similar dependency on the draw ratio. In Figure 9A, the
attenuation indices along the transverse direction (ky)
are always higher than the corresponding ones along
the normal direction (kz). However, in Figure 9B, both
indices (ky, kz) show an almost identical value, which is
a more reasonable result for a uniaxially stretched
sample showing transverse symmetry. All three attenu-
ation indices of isotropic state (DR ) 1) show a very
similar value only if the recompensation step (Figure
9B) is applied, whereas there is a some discrepancy for
data obtained without recompensation step (Figure 9A).
In a few studies on three-dimensional orientation along
MD, TD, ND directions of various polymers using FTIR-
ATR spectroscopy, the attenuation index along ND
direction has been reported to be noticeably lower than
other indices even for the isotropic state.12,13 Those
results appear to be related to the negligence of recom-
pensation step in eq 4.

As the draw ratio increases, the attenuation index
along the x direction shows a slow initial increase,
followed by a sudden increase from DR ) 2.25 to DR )
3.0. A sudden increase was related to a strain-induced
crystallization occurring at that draw ratio range. More
detailed discussion on the three-dimensional orientation
and structural change of PTT upon uniaxial deformation
has been already reported.19

In this work, the quantitative analysis method to
obtain three-dimensional orientation information using
FTIR-ATR has been explained with a polymer sample
containing a reference band such as PET and PTT. An
identical process can be applied for any polymer system
containing a reference band. If there is no reference
band, the method suggested in this work cannot be
directly applied to get three-dimensional orientation
information. In a paper which will be published later,
we will suggest/discuss a new method to get the three-
dimensional orientation information with FTIR-ATR
spectroscopy for polymer systems not containing a
reference band.

Conclusions

Two main experimental problems have been discussed
to obtain quantitative three-dimensional orientation
information on uniaxially stretched PTT sample using
a polarized FTIR-ATR spectroscopy. One was the optical
contact change occurring upon rotation of a sample and
ATR crystal. The other was effective thickness differ-
ence between TM and TE waves. Normalizing all
absorbance with that of a reference band successfully
eliminated the first experimental difficulty. It was
confirmed that for uniaxially stretched PTT absorbance
of the band at 1410 cm-1 was not affected by the
orientation, conformation, and crystallinity. Thus, it was
successfully used as a reference band for three-dimen-
sional orientation analysis of PTT.

When obtaining polarized ATR spectra, there was
always a difference between two absorbances (ATM, ATE)
due to the inherent difference in two effective thickness
values (de,TM, de,TE). Furthermore, the ratio of two
absorbances changed as the quality of optical contact
between ATR crystal and sample varied. To estimate
the dependency of absorbance ratio on the optical
contact, the absorbance ratio was experimentally mea-
sured at various optical contact conditions that could
be carried out by changing temperature of sample and
ATR crystal. On the basis of this result, it could be
concluded that it is almost impossible to maintain a

Figure 9. Comparison of results from two ATR analysis
methods. Both show the changes of three attenuation indices
of 1358 cm-1 band as a function of draw ratio for uniaxially
drawn PTT films, which were calculated using the reference
band (1410 cm-1) without (A) or with (B) the recompensation
step.

ATE,MD/ATE,MD(reference) ) Rkx

P{ATM,MD/ATM,MD(reference)} ) âky + γkz

ATE,TD/ATE,TD(reference) ) Rky

P{ATM,TD/ATM,TD(reference)} ) âkx + γkz

P ) de,TM/de,TE ) 2 sin2 θ - n2

(1 + n2) sin2 θ - n2
(4)
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perfect contact between a sample in solid state and ATR
crystal. For the sample studied in this work, the
effective thickness ratio (de,TM/de,TE) approached the
theoretical value as the temperature reached well above
the melting temperature of PTT.

The normalization process with an internal reference
band removes inevitably the difference in the effective
thickness of TM and TE waves. To compensate this
problem, the normalized absorbance of TM wave was
again multiplied with the theoretical effective thickness
ratio (de,TM/de,TE). With this method, quantitative three-
dimensional orientation information on uniaxially
stretched PTT could be successfully obtained.
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