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ABSTRACT: Polarized Fourier transform infrared (FTIR) transmission and attenuated
total reflection (ATR) spectroscopy are well-known powerful tools to determine the
orientation function of polymer materials. Both methods demand a special sample
preparation. In our present studies, we used polarized FTIR photoacoustic spectroscopy
(PAS) to determine the orientation function of real products from polymer processing
without special preparation. We compare the results with those obtained with polarized
FTIR transmission spectroscopy. It is demonstrated that polarized FTIR–PAS is useful
to describe differences in the orientational behavior of hard and soft segments of
thermoplastic poly(ether-urethane) in different elongated blends with common polypro-
pylene and polypropylene grafted with maleic anhydride. © 2000 John Wiley & Sons, Inc.
J Appl Polym Sci 75: 1194–1204, 2000
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INTRODUCTION

Orientational effects in polymer materials can be
studied using the dichroism of orientation sensi-
tive bands in the infrared (IR) spectra. Detailed
information on the theory of infrared dichroism is
available in the literature.1–3 The method has
been successfully applied in the Fourier trans-
form infrared (FTIR) transmission mode with lin-
early polarized light on uniaxially stretched poly-
mer films, whereby the electric vector is adjusted
in the parallel or perpendicular direction relative
to the stretching direction. Using this technique,
the orientational behavior of hard and soft seg-
ments in thermoplastic polyurethanes (TPU) and

in their blends with polyolefines has been ana-
lyzed recently.4,5

For industrial applications, it is essential to get
orientational data of the polymers immediately
after thermoplastic processing in the given phys-
ical form without further preparation.

Photoacoustic spectroscopy (PAS) with polar-
ized light offers some potential for a new kind of
investigation. Without any special preparation,
polarized PAS can be directly applied to poly-
meric granules, blocks, strings, sheets, and plates
as received from extrusion or injection-molding
processing or after being stressed by deformation
in a testing machine. In this way, the preferred
orientation, for example, given by machine axes
or stretching direction, can be correlated with
polymer structures and processing conditions.
Quintanilla et al.,6 Jawhari et al.,7 Schmidt et
al.,8 Ludwig and Urban,9 Jasse,10 and Choquet et
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al.11 report quantitative measurements and mea-
surements with polarized light using the photo-
acoustic principle. The applicability criteria of po-
larized FTIR–PAS are similar to those of FTIR
attenuated total reflection (ATR) spectroscopy.12

It should be considered that we have in PAS a
larger penetration depth than in ATR; more bulk
material can interact with the infrared (IR) light.
No structural information can be obtained from
PA spectra of samples, which are optically opaque
and thermally thin; the reasons are explained in
the PAS fundamentals.13,14

In the present studies, we investigated the ori-
entation of polymer components in different
blends of a TPU with common and with modified
polypropylene (PP) after processing and, in some
cases, after subsequent mechanical stretching.
TPU and common PP form immiscible blends of
extremely low compatibility. In order to improve
the dispersity, stability, and properties of the
blends, PP was grafted with maleic anhydride
(MSA). The effect of this modification on the ori-
entational behavior of TPU in the reactive com-
patibilized blends was also studied by polarized
PAS.

EXPERIMENTAL

Polymers and Blends

A thermoplastic polyurethane elastomer with a
shore hardness of 95 A (TPU; Elastollan ®1195A,
Elastogran GmbH) was used as the matrix. The
dispersed phase consisted of polypropylene (PP;
Novolen ® 1127 MX, BASF AG).

The thermoplastic polyurethane was a seg-
mented block copolymer consisting of hard seg-
ments and polyether soft segments. The polypro-
pylene was a homopolymer [MFR 230/2.16 5 8
g/(10 min)] recommended for flat-sheet die extru-
sion.

Grafting of PP

The grafting of PP with maleic anhydride (MSA)
was done using a corotating, intermeshing, twin-
screw extruder (ZSK 30, Werner & Pfleiderer)
with a screw configuration adapted for grafting. A
master batch of PP granules, 0.5 wt % di-tert-
butyl-peroxide (Trigonox B, Peroxid-Chemie) and
2.0 wt % MSA (Merck) was fed to the extruder. A
melt temperature profile from 180 to 210°C, an
output of 6 kg h21, and a screw speed of 150

min21 were used. The grafted MSA-content was
determined by quantitative IR spectroscopy using
the intensity of the absorption band at 1792 cm21.
It was found to be 0.6 wt %.

Blend Preparation

Blending of the components was done by melt-
mixing in a ZSK 30 extruder. The screw configu-
ration was adapted for the TPU–polypropylene
blend system. Prior to blending, the thermoplas-
tic polyurethane was dried for at least 3 h in
vacuum at 100°C. The composition of the blend
was 80 wt % TPU–20 wt % polypropylene or
grafted polypropylene. The melt temperature was
210°C, the screw speed was 150 rpm, and the
throughput was 10 kg/h. The residence time was
about 50 s.

Injection Molding

Injection-molding was done by use of a Battenfeld
500/200 machine to produce S2 specimens for the
tensile test according to DIN 53504 for elastomers
(dumbbell-shaped, 2-mm thickness, 75-mm over-
all length, 25-mm gauge length, and 4-mm
width). The residence time was up to 5 min at a
maximum melt temperature of 210°C. The injec-
tion pressure was about 70 bar, and the cycle time
30 s. The specimens were tested after annealing
for 24 h at 100°C.

Preparation of Mechanically Stretched Specimens
for Polarized FTIR–PAS

Some injection-molded specimens were stretched
at about 5, 150, or 200%. Inside the stretching
machine, the stretched specimens were fixed in
the elongated state with their backside on a cir-
cular brass plate (10 mm) with adhesive LOC-
TITE 401. Then we cut exactly the projected parts
of the sample outside of the brass plate and trans-
ferred this photoacoustic sample into the photo-
acoustic cell. The sample was placed precisely in a
defined position of its processing or stretching
direction.

METHODS

Polarized FTIR–PAS measurements were per-
formed on a Bruker IFS 66v/S using the MTEC
200 photoacoustic cell (Ames, IA). For polariza-
tion of IR radiation, a KRS-5 wire grid polarizer
(SPECAC) was inserted immediately in front of
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the cell. Two quantitative measurements for the
background (carbon black; Fig. 1) and the sample
were performed by rotating the polarizer, first
with parallel (\) 0° polarization and then with

perpendicular (') 90° polarization of the electric
vector, with the photoacoustic cell purged with He
for at least 1 h before the beginning of the mea-
surement.

Figure 2 Different techniques of measurement of polarized PA spectra of oriented
polymers (demonstrated on a stretched PP sample): (1) maintaining the sample with a
defined direction of orientation in the cell and rotating the polarizer [(—) parallel (0°, \);
(- - -) perpendicular (90°, ')]; (2) maintaining the polarizer horizontal within the
spectrometer and rotating the sample in the cell [(—) parallel (0°, \); (- - -) perpendicular
(90°, ')]; (3) maintaining the polarizer vertical within the spectrometer and rotating
the sample in the cell [(—) parallel (0°, \); (- - -) perpendicular (90°, ')].

Figure 1 Polarized PA background spectra of carbon black sample (2.2 kHz) after 1
h He purge: full line, with polarizer parallel (0°, \); dotted line, with polarizer perpen-
dicular (90°, ').
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All the following PA spectra of our samples
were ratioed to the corresponding parallel and
perpendicular carbon black spectra.

The mirror velocity was 0,139 cm/s (2.2 kHz), and
the resolution was 4 cm21. Two kinds of experi-
ments were performed on a series of samples with
different orientations to test if the light polarization
was degraded by the focusing/turning mirror of the
PA cell, as follows: (1) rotating the sample in the cell

while maintaining the polarizer horizontal and ver-
tical as well, and (2) maintaining the sample with a
defined direction of orientation in the cell and rotat-
ing the polarizer from the corresponding parallel
(0°) position to the perpendicular (90°) position.

So, we have proven both the rotation of the
sample with the constant position of the polarizer,
and the constant position of the sample rotating
the polarizer. The results were practically identi-

Figure 3 Reproducibility of the polarized PAS experiments [TPU–PP-g-MSA, injec-
tion-molded bar, 5% elongated, and perpendicular (90°, '): (—) measured at t; (- - -)
measured at t 1 30 days.

Figure 4 Polarized PA spectra [(—) parallel (0°, \); (- - -) perpendicular (90°, ')] of the
adhesive LOCTITE 401, used for fixation of the stretched bars on PAS target.
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Figure 5 Polarized PA spectra [(—) parallel (0°, \); (- - -) perpendicular (90°, ')] of pure
poly(ether-urethane): (a) extruded granule; (b) injection-molded bar, 5% elongated; and (c)
injection-molded bar, 50% residual elongation after stretching up to 200% and relaxation.
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cal. An example is shown in Figure 2. We pre-
ferred the second type of work, as in this case
[case (2) above], it is not necessary to open the
photoacoustic cell between the two measure-
ments, which could possibly change the response
of the photoacoustic detector.

Figure 3 documents the reproducibility of our
polarized PA spectra. The two spectra, measured
for the same sample at different times (the sam-
ple being removed from the PA cell between mea-
surements and realigned), are nearly identical.

The PA spectra of a cured sample of the pure
adhesive used for fixing the stretched samples
were also recorded at 0 and 90°. As expected, we
found no dichroic behavior of the adhesive (Fig.
4). So, we excluded the influence of possible resid-
ual adhesive contaminants from the fixing proce-
dure on the dichroic spectra of the polymers.

Determination of the Photoacoustic Dichroic
Ratios and Orientation Functions

The aim of our work was to get information about
the orientation of the pure polymers and the in-
dividual components in the blends from the PA
spectra. The intensities of the photoacoustic sig-
nals of the orientation sensitive bands used were
in the linear range (also see the Results and Dis-
cussion section). So, we integrated the structur-
ally dependent PA bands like absorbance bands
in transmission spectra. The orientation of the
polymers and individual components in our blend
samples was investigated by means of the TPU
bands between 1650–1800 cm21 (carbonyl
stretching vibrations), at 3334 cm21 (NH stretch-
ing vibration), and at 1316 cm21 (CON), 1115
cm21 (COOOC) and 1081 cm21, respectively, and
of the PP band at 1379 cm21 (methyl deformation

Table I PAS Dichroic Ratios R and PAS Orientational Functions fPAS Calculated for Selected TPU
Bands from the PA Spectra of Pure Poly(ether-urethane)s with Different Elongation

IR Band (cm21)

Extruded Granule

Injection-Molded
Bar (5%

Elongation)

Uniaxially
Stretched (50%

Residual
Elongation after

Stretching)

R fPAS R fPAS R fPAS

3334 ' Hard segment 0.89 0.08 0.99 0 0.76 0.18
1735 ' 0.96 0.02 0.93 0.04 0.82 0.13
1706 ' 0.95 0.03 0.99 0 0.88 0.09
1316 \ Hard 1 soft segment 0.98 0 0.98 0 1.16 0.05
1115 \ Soft segments 0.86 20.05 0.86 20.05 0.87 20.04
1081 \ 1.07 0.02 1 0 1.05 0.02

Table II PAS Dichroic Ratios R and PAS Orientational Functions fPAS Calculated Using the d CH3

Deformation Band (') at 1376 cm21 for Common PP and MSA-grafted PP (PP-g-MSA) Samples with
Different Elongations

Sample

Extruded
Granule

Injection-Molded Bar, Uniaxially Stretched and Fixed at
an Elongated Position

5%
Elongation

150%
Elongation

200%
Elongation

R fPAS R fPAS R fPAS R fPAS

Common PP (PP1127 MX) 0.91 0.06 0.84 0.12 0.51 0.39
MSA-grafted PP

(PP1127 MX-g-MSA)
0.85 0.10 0.87 0.09 0.48 0.42
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vibration).4 The direction of the dipole transition
moments of the carbonyl, NH stretching, and
methyl deformation vibrations is located in a per-
pendicular (') direction relative to polymer chain
axis, and the direction of the others is located in a
parallel (\) direction. Assuming an uniaxial chain
alignment in the machine (or stretching) direc-
tion, a photoacoustic orientation function fPAS can
be calculated from the polarized PA spectra in the
same way as described in the literature12,15,16 for
transmission spectra.

Based on Fraser’s function17 for the perpendic-
ular absorption bands ( fPAS [ f') and for the
parallel ones ( fPAS [ f\), eqs. (1) and (2) were
applied, as follows:

f' 5 22~R 2 1!/~R 1 2! (1)

f\ 5 ~R 2 1!/~R 1 2! (2)

where the dichroic ratio is defined as R 5 A\/A',
and A\ and A' are, in our experiments, the
absorbance-like photoacoustic signal intensities
in the polarization spectra taken with light po-
larized parallel and perpendicular to the ma-
chine (or stretching) direction, respectively.
Note that the well-known Hermans orientation
function f18 is defined as

f 5
3^cos2Q& 2 1

2 (3)

Figure 6 (a) Polarized PA spectra [(—) parallel (0°, \); (- - -) perpendicular (90°, ')] of the
common PP: (1) extruded granule; (2) injection-molded bar, 5% elongated and fixed; and (3)
injection-molded bar, 150% elongated and fixed. (b) Polarized PA spectra (—) parallel (0°,
\) and (- - -) perpendicular (90°, ')] of PP-g-MSA: (1) extruded granule; (2) injection-molded
bar, 5% elongated and fixed; (3) injection-molded bar, 200% elongated and fixed.
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where Q is the angle between the polymer chain
or chain segment axis and a preferred direction
(machine or stretching direction).

Therefore, the following threshold values are
possible: f 5 1, fully oriented in the preferred
direction; f 5 0, no orientation; and f 5 2 1

2,
oriented perpendicular to the preferred direction.

RESULTS AND DISCUSSION

Application of Polarized PAS for the Determination
of Orientation in Polymers

The point is that, normally, the optical absorption
measured in the IR is the basis for the calculation

of the IR dichroic ratios and the orientation func-
tions, respectively. If PAS is applied, the obtained
photoacoustic signal depends on the optical and
thermal properties of the sample. Signal satura-
tion is a particular feature of PAS, which occurs if
thermal diffusion length exceeds the optical pen-
etration depth19; but if thick polymer specimens
(as in our case) are examined in spectral regions
far from their strong absorptions, there is a linear
relation between the photoacoustic signal and ab-
sorbance,13 at least in the optically opaque and
thermally thick case. Considering oriented sam-
ples, the polarization dependence of the absorp-
tivity (i.e., dichroism) will result in a polarization
dependence of the PAS signal.13 For polarization

Figure 7 Polarized PA spectra (—) parallel (0°, \) and (- - -) perpendicular (90°, ')] of
(a) the 80/20 TPU–common PP blend and (b) the 80/20 TPU–PP-g-MSA blend: (1)
extruded granule; (2) injection-molded bar, 5% elongated and fixed; (3) injection-molded
bar, 200% elongated and fixed.
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measurements, it is also advisable to choose ori-
entation-sensitive bands of weak or medium in-
tensity to decrease the photoacoustic saturation.
Such bands can be easily found, for example, in
the spectra of polypropylene.12

The fact is that the nonlinearity of the intensi-
ties with respect to the concentration can be never
fully excluded. The effect of this nonlinearity in-
creases with the intensity of the bands.20 So, we
assume that the nonlinearity for the 1706 cm21

band in the PA spectra of our TPU polymers and

blends is larger then for the other bands. Never-
theless, when comparing samples of different ori-
entation, the trend of the calculated dichroic ra-
tios is the same as for the weaker bands. So, for
the bands with partial saturation, qualitative
comparison is also possible at least. To our knowl-
edge, only Krishnan et al.21 have published di-
chroic data of polymers obtained from PAS with
polarized light so far. According to him, it should
be possible to get at least semiquantitative orien-
tation information by our described procedure.

Table III PAS Dichroic Ratios R and PAS Orientational Functions fPAS Calculated for the TPU
Component (Selected Bands)

IR Band (cm21)

Extruded Granule

Injection-Molded Bar, Uniaxially Stretched and
Fixed at an Elongated Position

5% Elongation 200% Elongation

R fPAS R fPAS R fPAS

3334 'a 1.02 20.01 0.92 0.05 0.85 0.11
(Hard segments)b 0.85 0.11 0.74 0.19 0.69 0.23
1734 'a 1.17 20.11 1.04 20.02 0.94 0.04

b 1.33 20.20 0.97 0.02 0.96 0.03
1706 'a 1.13 20.08 0.95 0.03 0.90 0.07

b 0.88 0.08 0.75 0.18 0.70 0.22
1316 \a 1.00 0.00 0.99 0.00 1.00 0.00
(Hard 1 soft segments)b 1.08 0.03 1.26 0.08 1.36 0.11
1115 \a 1.00 0.00 0.88 20.04 1.09 0.03
(Soft segment)b 1.14 0.04 0.98 0.00 1.15 0.05
1081 \a 1.23 0.07 0.81 20.07 1.26 0.08

b 1.16 0.05 1.34 0.10 1.00 0.00

a 80/20 TPU–common PP blend.
b 80/20 TPU–MSA-grafted PP blend.

Table IV PAS and Transmission Spectroscopic Orientation Functions for TPU in TPU–PP Blends
with Modified PPs Calculated for Selected Bands

Orientation Function
of TPU in Blend

5% Elongation 200% Elongation

a a b a a b

With PPd PPe PPf PPd PPe PPf

fPAS fPAS fTrans fPAS fPAS fTrans

1310 cm21 20.01 0.08 0 0 0.11 0.18
1112 cm21 20.04 0.01 0 0.03 0.05 0.11

a Polarized PAS on compact samples (this study).
b Rheo-optical FTIR spectroscopy (transmission) on thin films (Fischer et al.4).
d TPU in TPU–common PP.
e TPU in TPU–PP-g-MSA (0.6 wt % grafted MSA).
f TPU in TPU–PP with rubber phase (20 wt % rubber).
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Pure Poly(ether-urethane)

Figure 5 shows the polarized PA spectra; in
Table I, the dichroic ratios R and the PAS ori-
entational functions fPAS of the pure TPU sam-
ples are listed.

The extruded strings and the less-elongated
(5%) injection-molded bars of the thermoplastic
poly(ether-urethane) are nearly unoriented ( fPAS
' 0). Weak orientation ( fPAS ' 0.1 . . . 0.2), espe-
cially within the hard segments, could be ob-
served in the bars that have a higher residual
elongation (50%) after the stretching experiment
and the following relaxation process.

Common Polypropylene (PP) and Functionalized
Polypropylene (PP-g-MSA)

The PP granules and the less-elongated (5%) in-
jection-molded bars show very weak orientation
( fPAS # 0.1). As expected for the fully oriented PP
bars (150 and 200%), the orientation values are
relatively high ( fPAS ' 0.4).

There is no significant difference in orientation
behavior between the common and the MSA-
grafted PP. The results are summarized in Table
II and Figure 6.

80/20 Blends of TPU with the Two PP Types

The orientation behavior of the TPU was influ-
enced in a special way if blended with different
PPs (Fig. 7; Table III).

In the granules from the extrusion process and
in the less-elongated injection moldings (5%),
there was only a little change compared with pure
TPU (Fig. 5; Table I): Only the influence on the
hard segments seems to be changed as a result of
blending with both PPs; otherwise, no remarkable
orientation is observed.

The following interesting effects occur if the
injection-molded bars are elongated up to 200%:
The TPU component, especially the hard seg-
ments, are more oriented in the blends with MSA-
grafted PP ( f $ 0.2) than in the blends with
common PP ( f # 0.1). This could be a result of a
better phase adhesion and compatibility between
the very orientation-sensitive PP, which is, in our
case, modified with polar groups (MSA). Also,
more intensive interactions with the polar hard
segment domains of the TPU are possible.
Pötschke et al.22 reported that the better phase
adhesion between the matrix and dispersed phase
in TPU-MSA-grafted PE blends improves the me-

chanical properties, which are strongly influenced
by the morphological properties of the material
(e.g., orientation).

Comparison of the Polarized PAS with Data of
Rheo-optical Transmission Spectroscopy
on Similar Samples

Table IV gives a survey of the results obtained
with PAS and transmission spectroscopy on sim-
ilar blends which we reported recently.4 The rub-
ber-phase-modified PP [TPU in TPU–PP with
rubber phase (20 wt % rubber)] used in the former
studies and the MSA-grafted-PP [TPU in TPU–
PP-g-MSA (0.6 wt % grafted MSA)] show a simi-
larity in their tendency to improve the interaction
between the two polymer phases in PP–TPU
blends.

CONCLUSIONS

Polarized FTIR–PAS spectroscopy is suitable for
detecting orientation effects in polymers and
polymer blends. The advantage of PAS is that the
polymer specimens may be examined in the form
in which they are obtained from the thermoplas-
tic processing, as follows: extruded granules and
injection-molded bars. A PAS orientation function
fPAS was defined, presuming a linear relation be-
tween PA intensities and absorbance. This proce-
dure is especially useful if orientation in different
elongated samples should be compared. In this
case, orientational data obtained with polarized
PAS give the same trend compared to ATR and
transmission spectroscopy with polarized light.

With polarized PAS, we found differences in
the orientation behavior of the hard and soft seg-
ments in a thermoplastic poly(ether-urethane) if
blended with common or modified polypropylene
and after subsequent stretching. Grafting of PP
with maleic anhydride gives rise to a better ori-
entation of the TPU hard segments in the blends.

The authors thank G. Adam (FTIR spectroscopy) and
U. Reuter (mechanical testing and stretching experi-
ments) for their helpful contributions.
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