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SYNOPSIS

Results of coupled optical birefringence and wide-angle X-ray scattering (WAXS) mea-
surements on uniaxially oriented, atactic, glassy polystyrene (PS) samples are reported.
Orientations were achieved in tensile test experiments performed slightly above the glass
transition temperature. The elongated samples were quenched after orientation. The applied
force was kept constant during cooling. The second order moments of the chain orientation
distribution function (ODF) were calculated from the azimuthal profile of the scattered
X-ray intensity from measurements made on five PS samples with different degrees of
orientation. For ODF calculations the first, equatorial halo was used. The influence of the
second, meridional halo was removed by resolving the WAXS patterns into three peaks.
The intrinsic azimuthal linewidth of the WAXS profile was estimated and taken into
account in the ODF calculations. The magnitude of the intrinsic birefringence An,,, was
determined using the linear relationship between the birefringence and the second order
moment of the ODF. A value for An,, of —0.05 was obtained. This result was used to
calculate the angle between the normal plane of the benzene ring and the chain axis. A
comparison with previously published results indicates that the average relative orientation
of the benzene ring with respect to the chain axis was changing in our samples during
stretching. This structural difference is attributed to strong deformation of the network

and retarded relaxation during sample preparation.

INTRODUCTION

Anisotropy in polymeric glasses due to chain ori-
entation is a phenomenon of great technical and
theoretical importance (for a review, see Ref. 1).
Orientation may or may not be desired, depending
on the final use of the material. Incident orientation,
e.g., in injection molding, is usually regarded as dis-
advantageous, while the textile and the packaging
industries make extensive use of uni- and biaxially
oriented plastics. High performance composite ma-
terials are also often reinforced by oriented synthetic
fibers. Studies of orientation play therefore a central
role for both product characterization and a better
understanding of structure-property relations.!
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In this paper only the anisotropy of an amor-
phous, glassy polymer with fiber symmetry will be
considered. In such cases, the simplest way to char-
acterize the orientation of the backbone chain is to
determine the second-order moment of the chain
orientation distribution function (ODF), the so-
called Hermans orientation factor f !:

f=1(1/2)(3(cos®*¥) — 1) (1)

where 4 is the angle between the fiber axis and chain
segments and <cos219> represents the average of
cos?Y values taken over their spatial distribution.
Although the value of f does not give a complete
characterization of the orientation, it can describe
the anisotropy of many physical properties like in-
frared absorption, refractive index, etc. For perfect
orientation ¢ = 0°, i.e., f = 1, the macromolecular
chains are perfectly aligned and the corresponding
maximum in the birefringence An is defined as the
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intrinsic value, Ang,.! If the value of An;, is known,
a simple optical measurement will yield the Hermans
orientation factor by applying the following formula:

f: An/Anint (2)

The magnitude of Any, for a given polymer can be
determined from a series of samples of defined ori-
entation by performing measurements of An and f.
The values of f may be determined by measuring
the dichroitic ratio,™ the wide-angle X-ray scat-
tering (WAXS) pattern,*® or by using other
methods which are sensitive to chain orientation.
However, it must be pointed out that the possibility
of having different orientation behavior for the main
chain as compared to side groups with some rota-
tional degree of freedom has always to be borne in
mind. For example, in PS the benzene ring can rotate
about the chemical bond which connects it with the
main chain. For a rigorous description of the an-
isotropy, its position relative to the chain must be
specified in addition to the chain orientation.

EXPERIMENTAL

Samples

Atactic polystyrene was supplied by BASF Ag. Our
test specimens were prepared from granulates type
PS 158 K. DSC measurements yielded a glass tran-
sition temperature range between 97 and 114°C with
an inflection point at 108°C. GPC measurements
combined with a low angle laser light scattering de-
tector (Chromatix KMX-6) yielded a weight average

molar mass of M,, = 2.87 X 10° and a polydispersity
of M,/M, = 2.4

Polystyrene granulate was dried in vacuo for 2
h at 70°C and then pressed into plates of 2 and 4
mm thicknesses by a compression molding press op-
erating at 250°C for 30 min. Thermal degradation
during sample preparation could be excluded since
a comparison of the weight average molar mass and
the optical absorption of the starting and pressed
polymers showed no differences.'* Tensile test spec-
imen were cut from the molded plates and drawn
on a tensile test machine at temperatures between
108 and 112°C (+0.5°C) at different clamp speeds.
The elongation was stopped at certain strains, the
force was kept constant, and the samples were
quenched (by applying a cooled air stream) within
ca. 20 s below the glass transition range. Tensile
test diagrams of the measured PS samples are shown
in Figure 1. Temperature and geometry inhomogen-
ities during stretching and quenching resulted in a
maximal {An.¢) and minimal elongation value.

Parameters of the orientation and some charac-
teristics of the samples are summarized in Table I.

X-ray measurements were performed on 20 X 8
mm broad samples with different thicknesses (see
Table I). The samples were cut from the central
part of the stretched, frozen tensile test specimens
with the highest orientation. The orientation in all
the samples used were homogeneous over a multiple
of the length scale of the scattering volume within
+2% for the lowest and +0.3% for the highest ori-
entation. The diameter of the X-ray beam at the
sample surface was 0.6 mm. This is significantly
smaller than the characteristic size of the central
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Figure 1 Tensile test diagrams (force vs. clamp movement) for the five PS samples

investigated.
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Table I Parameters of the Orientation Process
and Some Sample Characteristics

Tensile Test
Characteristics

Sample
Characteristics®
Clamp
Sample Temperature Speed Thickness®
No. °C) {(mm/min) (mm) Amax.
PS23 112.0 10 1.22 2.8
PS11 112.0 50 1.26 2.6
PS17 108.5 50 1.07 4.0
PS12 108.3 100 0.96 4.0
PS21 108.0 100 1.55 6.0

2 For the quenched samples.

® The starting sample thickness was 2 mm except for the sample PS21
which was 4 mm.

¢ Approximate value from the change of the sample geometry deter-
mined by the change of a pattern brought on the sample surface prior to
orientation.

sample area (ca. 3 mm), where the optical retar-
dation varies less than A\ /4.

MEASUREMENTS AND EVALUATION

Birefringence Measurements

For birefringence measurements a classical stress-
optical device was applied.’® Anisotropic PS samples
were put between crossed polarizers which were il-
luminated by monochromatic light with wavelength
A = 546 nm. Photographs were taken of the resultant
optical pattern through the analyzer. The black-
white interference pattern arises from the optical
retardation changes due to the frozen anisotropy.
Between two black maxima the difference in the op-
tical retardation, T, is equal to the applied wave-
length. By simply counting the maxima from the
sample edge in the stretching direction, the mag-
nitude of T" can be determined with an accuracy of
approximately +A/4. The corresponding birefrin-
gence An can then be calculated with the sample
thickness d:

An=T/d (3)

Typical photographs of the optical retardation pat-
tern taken from the samples PS21 and PS12 are
shown in Figure 2. For sample PS12 the number of
transitions from the sample edge to the center was
38; the same for PS21 was 82.

Wide Angle X-Ray Scattering (WAXS)
Measurements

WAXS measurements were performed by a Siemens
D 500 diffractometer equipped with a Huber texture
goniometer. The Eulerian cradle of the texture go-
niometer allowed rotation of the specimen while
maintaining the diffraction angle constant along the
sample coordinate axes. No corrections were made
for absorption, polarization, multiple diffraction, or
incoherent scattering. Air scattering was taken into
account by subtracting background intensity. The
continuous background was estimated by calculating
the equation of the convex linear-by-parts envelope
of the diffractogram.'® A typical WAXS spectrum
of Polystyrene (sample PS11) after background
subtraction is shown in Figure 3. The measured in-
tensities are plotted at every 20 = n,n=2,..., 500.
The WAXS pattern for 2° < 20 < 50° is obviously
a sum of at least three overlapping halos. In order
to deduce information about the individual com-
ponents, a numerical decomposition of the spectrum
was performed. We resolved the WAXS patterns of
Polystyrene into three components describing the
spectrum envelope I(x) (x = 28) by the formula:

I(x) = AleXP{_[(x - xl)/al]z}
+-"12/{14'[(JC”JCZ)/Uz]Z} (4)
+A3/{1 + [(x— X3)/0'3]2}

i.e., by a sum of one Gaussian and two Lorentzian
functions, where the unknown parameters A;, A,,
and A; are the amplitudes; x;, x,, and x; are the line
centers; and ¢,, 02, and o3 are the half-linewidths,
respectively. To obtain the values of the unknown
parameters, Marquardt-Levenberg nonlinear
regression analyses (NLRA)'7 were performed for
every individual WAXS pattern measured at differ-
ent azimuth angles over the interval 2° < 26 < 60°
for 20 = 20+ n-05,n=0,1,2,...,116. NLRA
fits were performed by using the IMSL Double Pre-
cision FORTRAN program library® on an IBM PC-
AT. We choose eq. (4) to fit the spectral envelope
while this combination of Gaussians and Lorentz-
ians gave the smallest sum of squared residuals. Fig-
ure 3 displays the fitted envelope and the compo-
nents together with the experimental data for the
sample PS11. The fit is excellent except for a sys-
tematic deviation for 20 < 6°. This is a result of
automatic background subtraction which overcor-
rects the measured WAXS intensities in the small
angle scattering regime.
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FIGURE 2

Figure 2 Fringe pattern (optical retardation) for two PS samples with different degrees

of orientation: (a) PS12; (b) PS21.

For anisotropic samples the azimuthal X-ray
scattering intensity I(X) (the azimuthal profile)
contains information about the ODF. The ODF and
its moments can be calculated from 7(X) by using
several procedures.?*'''®* However, for all methods
the structural origin of the halos and the type of
texture has to be known.

In this paper we apply the technique of Lovell
and Mitchell,?® which makes use of a series expan-
sion of even-order Legendre polynomials ( P,,)® of
the full azimuthal intensity profile.!® This technique

can be applied to any reflection with known azi-
muthal angle if both the ODF and the molecular
(segmental ) scattering have cylindrical symmetry.
As a special case, for an equatorial reflection the
orientation factor is written as

f={(Pa(cos ¥))

/2
=(——2)f I(X)Pz(cosx)sinxdx/ (5)
0

w/2
f I(x) sin X dX
0
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Figure 3 WAXS pattern of the sample PS11 at X = 90° and the decomposition of the

diffractogram into three components: (O) measured and corrected data; (
velope; (——) fitted individual components.

where X is measured from the fiber axis, I(X) is
the azimuthal reflexion profile at constant 6, and
P, (cos X) is the second-order Legendre polyno-
mial.’® Equation (5) holds strictly speaking for
sharp, crystalline reflexes. In polymeric glasses,
however, the haloes are diffuse. Even a perfectly
aligned polymeric glass would give diffuse spots with
characteristic dimensions corresponding to the de-
gree of order of the reflecting structural units. This
unknown intrinsic azimuthal width §;,, results in
smaller calculated orientation factors then the true
values.?® Pick et al. calculated the effect of § on the
first even order moments of the ODF. For a typical
value &;,, = 20°, ratios for the observed/true values
of the orientation factors are for { P;) to approx.
0.7, for { P;) to approx. 0.4 and for { Ps) to approx.
0.2. We estimated half-width 6 of the azimuthal pro-
file using the following equation:

/2
5=(J; [I(X)—I(O)]dX)/

(I1I(w/2) —I(0)]) (6)

The values of 6 were plotted as a function of the
observed fand extrapolated to f = 1 (perfect align-
ment ). The extrapolated value for é at f = 1 was
used to estimate the intrinsic width 6. A corre-
sponding correction factor K for fwas estimated by
using results of Pick et al.2’ All orientation factors
discussed in this study were corrected according to
the following equation:

) fitted en-

f:K'fobs (7)

where the values for f,,, were determined from
eq. (5).

RESULTS AND DISCUSSION

Birefringence and WAXS measurements were per-
formed on five oriented PS samples. The WAXS
pattern for the sample PS21 for scattering angles
20 between 2° and 60° and for azimuth angles 0°
(equator) and 90° (meridian), supposing vertical
fiber axis, is shown in Figure 4. The first halo at 26
= 9.9° has an equatorial character (see also Ref. 21).
The second, meridional halo is located around 26
= 18.5-19.5° while its position is shifted towards
smaller scattering angles approaching the equator
from the meridian. The intensity of the third, me-
ridional halo at 26 = 41° is weak. According to earlier
assignments,’’ the meridional maximum corre-
sponds to correlations between phenyl groups which
may not belong to the same molecule. A shift in the
position means a change in the spacing between dif-
fracting units with sample rotation. It was concluded
by Windle? that the equatorial maximum corre-
sponds to correlations between loosely packed
phenyl stacks which are organized between the
chains. These stacks will be oriented parallel to the
PS chains, i.e., the corresponding X-ray scattering
is equatorial. We note that the exact assignation of
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Figure 4 X-ray scattering intensity for amorphous,
uniaxially drawn PS (sample PS21): (- - +) intensity along
the equator (X = 90°); ( ) intensity along the meridian
(x =0°).

the halos is the subject of controversy.?>?® It has
been dealt with in several papers!?*22-2¢ and is the
subject of a forthcoming analysis.”®

Figure 5 shows the azimuthal intensity profile for
the five PS samples measured at 26 = 9.9° between
X = 0 and 90°. Because of the already mentioned
contribution of the meridional halo, the azimuthal
profiles shown in Figure 5 cannot be used to calculate
the orientation factors. Therefore, complete WAXS
patterns were measured for the five investigated PS
samples at 0°, 22.5°, 33.75°, 45°, 56.25°, 67.5°,
78.75°, and 90° azimuth angles over the scattering
range 2° < 20 < 60°. Each WAXS pattern was de-
composed by using eq. (4) and the previously de-
scribed NLRA procedure. The obtained true ampli-
tudes of the first halo do not contain contributions
from the second halo and can be used for further
analysis. The azimuthal profile for each sample was
approximated by using the amplitudes from eight
azimuthal angles and fitting the following function:

where 1(0°) denotes the intensity at the meridian.
This simple function was chosen for two reasons:
(1) It gave a very good fit to the profile; and (2) its
derivative at X = 0° and X = 90° is zero as must be
the case for equatorial intensities. The fitted I(Xx)
was then substituted into eq. (5) and the integration
was performed numerically by using the Romberg
extrapolation.’® The intrinsic azimuthal linewidth
was then calculated from the fitted line shapes sub-
stituting 1(X) from eq. (8) into eq. (6). The values
for 6 as a function of the corrected orientation factor
| are plotted in Figure 6. The extrapolationto f=1
yielded an estimate for 8, of 23°. With this intrinsic
width, the value of the correction factor K in eq. (7)
becomes 1.47. We applied this K factor to calculate
the corrected (“true”) orientation factor f,,. from
the f,,s determined using eq. (5). The values of f,,,,
are plotted against the birefringence in Figure 7. The
relationship is linear with a regression coefficient r
= 0.998 and has the following numerical form:

firve = —20.64 An + 0.0036 (9)

An extrapolation to f = 1 corresponds to perfectly
aligned chains and results in the following value for
the intrinsic birefringence An;y,:

Any,, = —0.048

We note that a similar calculation, made without
taking into account the correction for the intrinsic
width, results in a value of An;,, =~ —0.07.

All values for An;,; of atactic PS reported previ-
ously were determined using combined optical and
infrared dichroitic measurements. Additionally, the
orientation of those samples was significantly lower
than ours ( f < 0.2 typically). Some results available
together with the corresponding citations are sum-

I(x) = asin®(x) + I1(0°) (8) marized in Table II. In Ref. 4 the orientation factor

| (a) | (b) | () | (d) | (e)
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Figure 5 Azimuthal WAXS intensity profiles of the five investigated PS samples mea-
sured at 26 = 9.9°: (a) PS23; (b) PS11; (¢) PS17; (d) PS12; (e) PS21.
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Figure 6 The azimuthal half width of the WAXS pat-
tern at 26 = 9.9° as a function of the observed orientation
factor.

was calculated from the —CH,— symmetrical
stretching at 2850 ¢cm™!, assuming that the corre-
sponding transition dipole moment makes an angle
8 of 90° with the chain axis. Later studies® validated
a value of 70° for 8. To obtain a corrected value, we
performed a multiplication by 1.54. This factor was
obtained using the relationship between the orien-
tation factor and the dichroitic ratio R

f=I(R-1)/(R+2)]

(10)
X [(Ry+2)/(Ro— 1)]
f
0,64 'true
)
0,41
0,27
—Anx10?
00 : : —
0 1 2 3

Figure 7 The birefringence An as a function of the cor-
rected orientation factor fi... for the five investigated PS
samples.

where Ry = 2-cot?(). Performing the above cor-
rection, we obtained An;,, = —0.10 with the data
from Ref. 4 which is in agreement with all the other
data in Table II.

It is obvious that our result for An;, is signifi-
cantly smaller than the data summarized in Table
I1. The first question one would ask is: In what ways
do our samples differ from the others? We have
mentioned already that our samples were much more
strongly oriented than those in any cited work. We
stretched our samples just slightly above the glass
transition temperature at high clamp speeds. In ad-
dition, we kept the tensile force constant during the
quenching of the oriented samples, thus preventing
the relaxation of the orientation to a large extent
during cooling. We believe that during our “brutal”
procedure, used to achieve the highest possible ori-
entations, the average angle closed by the normal
of the phenyl rings and the chain axis changed. Due
to the rotation of the phenyl group about the chem-
ical bond connecting it with the main chain, the
difference in the segment polarizability both per-
pendicular and parallel to the chain axis, and hence
the intrinsic birefringence, were also changed. The
phenyl ring position with respect to the chain can
be quantitatively characterized using calculated re-
sults for the intrinsic birefringence as a function of
the benzene ring orientation. The value of the bi-
refringence of atactic PS was calculated by several
authors?’ from the bond polarizabilities and valence
angles and the following expression was obtained:

Anip = 0.194 — 0.51{ cos’w) (11)

where w is the angle closed by the normal of the
plane of the benzene ring and the chain axis. Ac-
cording to a very careful analysis of the IR-dichro-
ism? the average magnitude of w prior to orientation
is w; =~ 38° (with ca. £4° uncertainty). Using eq.
(11), this value results in An;,, =~ —0.156. With An;,
= —(0.048 from this study, one obtains w, ~ 46° for
the inclination of the benzene ring in the fully ori-

Table II Intrinsic Birefringence of Atactic
Polystyrene Determined by Coupled Optical
and IR-Dichroitic Measurements

Source 2 3 4
—Anin 0.10 (£0.05) 0.10 0.16
0.10¢

® For explanation, see text.
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__. _Seqment axis

Figure 8 The average orientation of a phenyl substit-
uent in a PS segment prior to sample elongation [w; ~ 36°
(-« +)] and for the fully stretched configuration [f = 1;
wy =~ 46° (——)] as suggested in the text.

ented configuration. The monomer segment in these
two limiting cases is illustrated in Figure 8.

According to the generalization of the relationship
between mechanical stress (o) and birefringence
(An) in a temporary network (polymer melt), the
stress-optical coefficient (SOC) An/¢ is expected
to be constant during isothermal uniaxial defor-
mation.?® Results of elongation experiments on PS
melts have been reported in the literature showing
deviations in SOC from linearity at high stresses.*
In this nonlinear regime, stress increased more rap-
idly with birefringence, in agreement with very re-
cent data®! showing a clear and systematic deviation
of SOC from the expected linearity. These results
can also be explained by supposing a change in the
phenyl ring position during elongation. These facts
argue for a careful analysis of continuum assump-
tions made in polymer rheology.

Finally we note that both IR dichroitic and
WAXS measurements to characterize chain orien-
tation involve complications. The WAXS azimuthal
profiles used for the determination of the orientation
factors have to be corrected very carefully with re-
spect to overlaps in the neighboring haloes and to
the intrinsic azimuthal width. The difficulty of an
IR dichroitic analysis is that one should know the
angle of the transition dipole moment vector closed
by the chain axis for the studied IR vibration. More-
over, IR dichroism is usually only applicable to thin
films. (This prevented us from checking our values

of firwe.) Once the intrinsic azimuthal linewidth is
known, a WAXS analysis results also in higher order
moments of the orientation distribution function
and therefore is the method of choice in character-
1zing chain orientation.
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