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ABSTRACT: The polarization dependences of several Raman bands of roll-drawn high-density polyethylene
of uniaxial symmetry were investigated at different draw ratios between 7.0 and 11.7. When the right-angle
scattering geometry was used, it was possible to determine quantitatively the principal components of the
Raman tensors of the 1080-, 1130-, and 1170-cm-! vibrations. The orientation coefficients {P;(cos 9)) and
{P(cos 8)) of the C—C bonds with trans conformation and gauche defects were also calculated by using these
bands. The results obtained from the 1080-cm™ band show that the orientation of gauche structures does
not vary much with the draw ratio (between 7.0 and 11.7). On the other hand, the polarization behavior of
the 1130-cm™! band indicates that trans conformers in the amorphous phase orient more readily in the draw
direction. When the components of the Raman tensors obtained from right-angle scattering were used, it
was found that backscattering measurements could yield good estimates of ( Px(cos 8) ) and (Py(cos §)) orientation
averages. Finally, a method is proposed for the rapid evaluation of these parameters from calibration curves
obtained from backscattering spectra measured with the polarization direction of both the incident and
scattered light parallel to the draw direction. This method should be particularly useful for the determi-
nation of the distribution of the orientation of trans bonds in thick processed samples of polyethylene.

Introduction

In order to take full advantage of the intrinsic stiffness
of polymer chains, attempts have been made to orient
them as much as possible, leading to the production of
high-modulus fibers and films. High-density polyethylene
is one of the polymers that has been used for that purpose.
Its industrial importance has created a need to develop
methods to characterize its degree of orientation and
uniformity through thick sections.

The orientation of semicrystalline polymers has been
investigated by various experimental methods such as bi-
refringence, X-ray diffraction and scattering techniques,
fluorescence polarization, nuclear magnetic resonance
spectroscopy, sonic modulus, and vibrational spec-
troscopy.!® Raman and infrared spectroscopies provide
methods for the independent determination of the mo-
lecular orientation of both the crystalline and amorphous
phases of semicrystalline polymers. Ramanscattering has,
however, some advantages over infrared spectroscopy.
First, it enables the determination of both the second and
fourth terms, (Ps(cos 8)) and (P4(cos 8)), respectively, of
the expansion of the orientation distribution function.
These parameters are necessary to fully define the
orientation function of oriented polymers!? and to un-
derstand the mechanical properties of polymers in terms
of models. Second, for orientation determination, Ra-
man spectroscopy does not require the use of thin polymer
films, as for infrared absorption measurements.

However, since orientation determination by Raman
spectroscopy is more complex than that by infrared
spectroscopy from both experimental and theoretical
points of view, only a few quantitative measurements have
been performed so far. Besides the approach of Cornell
and Koenig* and that of Snyder, who have considered
rather special distributions of orientation, Boweré has
developed a general theory for the quantitative determi-
nation of the degree of molecular orientation of polymers
from their polarized Raman spectra. So far, this method
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has been applied satisfactorily to poly(methyl methacry-
late),” polyethylene,® polypropylene,® poly(vinyl chlo-
ride),10 polystyrene,!! and poly(ethylene terephthalate).12-14

Oriented polyethylene has been the object of several
Raman investigations, most of them being related to the
assignments of the Raman active modes!®18 or to the de-
termination of its crystallinity.’® On the other hand, in
order to obtain information on the all-trans chain-length
distribution, Snyder et al.2? and Wang et al.2! have followed
the changes in the low-frequency Raman longitudinal
acoustic modes of a high-density polyethylene. Inaddition,
Maxfield et al.2 have determined the molecular orientation
of the crystalline and amorphous phases of thin films of
oriented low-density polyethylene using Bower’smethod.$

Inthe present study, Raman spectroscopy has been used
to determine quantitatively the chain orientation in thick
samples of oriented high-density polyethylene, using
different Raman active modes. In addition, it is shown
that when the components of the Raman tensor of a given
band are known from right-angle measurements, back-
scattering results can yield accurate values of {Py(cos 8))
and (P4(cos 8)). Finally, we propose a method for rapid
evaluation of these parameters from the polarized Raman
spectrum measured with the polarization direction of both
incident and scattered light parallel to the draw direction.

Theory

Bower® has developed a procedure for the determina-
tion of the distribution of orientation of polymer chains
by polarized Raman scattering. This method is based on
previous studies by Roe,?2 who used a series of generalized
spherical harmonics to describe the distribution of the
Euler angles defining the orientation, with respect to
reference axes, of sets of rectangular coordinate axes fixed
within orientable units. For representing the polymer
network, Treloar’s?® model is used, in which each chain,
that is, the portion of a polymer molecule connecting two
successive cross-link points, consists of a certain number
of freely jointed statistical segments.

As mentioned by Bower, the Raman scattering inten-
sity, I, is given by a quadratic expression of all components

© 1991 American Chemical Society



5688 Pigeon et al.

2
X3
X3 draw axis
14
Xp
X3 y
1 X,
: analyzer
t
: i=2
)=2 Y i=3 X|
; J=1 monochromator
laser
a
1
X3
X5 draw oxis
X5 X,
X,
j=2 mirror
i=3 analyzer
; i=2
boi=3 N\(X)
laser
monochromator

b

Figure 1. Experimental arrangement and coordinate axes for
(a) right-angle and (b) backscattering Raman geometries.

of the Raman tensor for the vibration studied, «;; (i, j =
1-3), the coefficients being the directions cosines I; and
I{ defining, respectively, the polarization direction of the
incident and scattered light with respect to a set of axes
0-X1,X2,X; fixed in the sample

1= IOZ(ZI,.I;a,,)? 1)
ij

where Ij is a constant depending on instrumental factors
and the incident light intensity. The experimental values
are thus of the form Io3" a;japq, and since the summation
implies that all the scattering units contributing to the
observed intensity are considered, they contain informa-
tion about the distribution of orientation of these units.
Each «;; can be expressed as a linear combination of the
principal components a;, a3, and o3 of the derived po-
larizability or Raman tensor of the vibration investigated
and the Euler angles defining the orientation of the
principal axes of the tensor with respect to axes 0-X,X5,X3
of the sample.

In the case of uniaxial statistical symmetry, with no
preferred orientation around the chain axis O—x3and when
the tensor axes are coincident with the structural units
axes 0-x,,X5,X3, we have

Z“U"‘pq = 47°N, on 00A o0 (2)
7

where N is the number of structural units contributing
to the Raman intensity and A;x"P? a sum of quadratic
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terms in aj, ag, and a3, previously tabulated by Bower.8
Mo is expressed in terms of Legendre polynomials
(Pr(cos 6)) by

My, = 1/47%((21 + 1)/2)"/*(P/(cos §)) (3

with (Pj(cos 6)) the coefficient of the I[th term in the
expansion of the orientation distribution function for the
set of symmetry axes O-x;,X3,x3 of the structural units
with respect to the sample axes 0-X;,X;,X3; §is the angle
between the O-x3; chain axis of the structural units and
the O-Xj axis fixed in the sample, that is, the stretching
direction. It follows from eq 3 that

Mgy, = 1/47%(1/2)"/? (4)
My, = 1/47%(5/2)"/%(Py(cos 6)) (5
My = 1/47%9/2)"*(P,(cos 6)) (6)

For a sample with uniaxial symmetry, there are only
five independent nonzero sums )_a;jap, that are of the
form 3 ajrj;or 3 a;2. Theexpressions of the experimental
Raman scattering intensity for each of these _ajjapg, for
a vibration with its tensor axes coincident with the
structural unit axes, are thus

10201222 = b[(3a,% + 3a,’ + 3 + 2a,a, + 2a, + 2a,)/15 +
P,(3a,* + 3a,” - 6 + 20,0, — a, - a;)/21 +
3P,(3a,® + 3a,” + 8 + 2a,a, - 8a, - 8a,)/280] (7)

I, _ag® = b[(3a,% + 3a,® + 3+ 24,0, + 20, + 2a,)/15 -
2P,(3a,” + 30,2 - 6 + 2a,a, - a; - a,) /21 +
P,(3a,® + 3a,® + 8 + 2a,a, - 8a, - 8a,)/35] (8)

1) _an®=bl(a?+af + 1-a,a,~a, - ay)/15+
Pya?+ a)t-2- 4a,a, + 2a, + 2a,)/21 +
P,(3a,* + 3a,” + 8 + 2a,a, - 8a, - 8a,)/280] (9)

LY _ay?=bla,?+ 0+ 1-a,a,-0,-a,)/15-
Pya?+ at-2-4a,a, + 2a, + 2a,) /42 -
P,(3a,* + 3a,% + 8 + 2a,a, - 8a, - 8a,)/70] (10)

Py(a,® + a* -2 + 10a,a, - 5a, - 5a,) /42 -
F’4(3a12 + 3022 + 8 + 2a,a, - 8a, - 8a,)/70] (11)

By solving these five nonlinear equations iteratively,
the five unknowns, which are b (=IoNoas?), a1 (=ay/as),
az (=ag/a3), Py (=(Py(cos 0))), and Py (=(P4(cos 6)}), can
be determined.

Experimental Section

Samples used for this study were roll-drawn sheets of high-
density polyethylene (HDPE) prepared by Dr. Raymond Wood-
hams of the University of Toronto. X-ray diffraction measure-
ments have shown that these samples were uniaxially oriented.?
They had draw ratios (\) between 7 and 11.7, with a thickness
of about 1 mm (0.8-1.2 mm). Densities were determined in a
density gradient column, at room temperature, in a diethylene
glycol/isopropyl alcohol mixture.

The Raman spectra were recorded with a Spex Model 1400
double-monochromator computerized spectrometer using a Spec-
tra Physics Model 2020 argon ion laser tuned at 514.5 nm.2
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Experiments were done by using both 90° and 180° scattering
geometries. In the former case (Figure la), the exciting beam
was incident on the edge of the sample along the 0-Xj’ direction
of asystem of axes 0-X,’,X,’,X4’ fixed in the laboratory, and the
scattered light was collected at a right angle along the O-X/’
axis. The polarization of the linearly polarized incident radiation
was set parallel to either 0-X’ or O-X7/, using a half-wave plate,
while that of the analyzer was parallel to 0-X;’ or O-Xjy’. The
specimen was positioned so that the O-X, axis fixed in the sample
was always coincident with the O-X,’ axis of the laboratory, the
axis O-X3 making an angle v with O-Xy'. For each angle v used,
four scattered intensities I;j(y) can be defined, with the polar-
ization of the incident light parallel to the O-X;/ (j = 1 or 2)
direction and with the polarization of the scattered light parallel
to the O-X/ (i = 2 or 3) direction (Figure 1a). Inserting the
appropriate values of the direction cosines into eq 1, we have

Iy(y) = I()Z(oc21 €08 ¥ — ay, sin ¥)? (12)
L) =1, (g sin y = agy cos 7)? (13)
Ip(y) = Ioz(azz cos’ y - agy sin 2y + agy sin® y)? (14)

I(v) = I()Z(l/w22 8in 2y + ay, cos® v - ag, sin y -
1/2a;, sin 2v)% (15)

Using v values of 0°, 45°, and 90° in order to simplify as much
as possible the equations, we have all the experimental mea-
surements required to solve the set of eqs 7-11.

For the backscattering (180°) geometry (Figure 1b), a small
mirror was placed in the laser path to reflect the exciting beam
perpendicularly to the polyethylene sheet (O-X; axis), and the
scattered light was collected at approximately 180° from this
direction, along the O-X,’ axis. The polarization of both the
incident light and the analyzer was parallel to the O-X,' or O-Xy’
axes of the laboratory. For these experiments, the sample was
fixed so that its set of axes 0-X,;,X,,X; was always coincident
with the set 0-X,, Xy, X3’ of the laboratory. The intensities
I;j(y=0°) observed when the polarization of the incident light is
parallel to the O-X/ (j = 2 or 3) direction and when the
polarization of the scattered light is parallel to the O-X/ (i = 2
or 3) direction then take the following values:

In= 1020‘222 (16)
Ip=Iy= 102“322 an
Iy =1,) oy’ (18)

Forboth scattering geometries, the scattered light was collected
witha f/2lens and the parallel beam was focused on the entrance
slit of the monochromator with a f/5 lens. An analyzer and a
polarization scrambler were positioned between the second lens
and the monochromator. All spectra were obtained at approx-
imately 21 °C, with 100-mW laser power at the sample, at a
spectral resolution of 5 cm-!, and with an integration period of
2 s by a 2-cm™! step. Samples were mounted on a rotator-
translator stage for precise positioning. Inorder to minimize the
polarization scrambling by the sample for the right-angle
scattering geometry, the exciting beam was focused just below
the surface of the material, and the scattered light was collected
after passing through a very thin layer of the polymer. Inaddition,
backscattering spectra obtained from 10-um films microtomed
from the samples were identical with the spectra obtained with
the thicksamples. The absence of depolarization of the scattered
light by the sample was also checked from the I3 3,2 spectra
observed with v = 0° or 90°. The intensity of these spectra must
be equal when the polarization of the incident light (and of the
scattered light for v = 90°) is rotated by 90°, For v = 45°, the
birefringence has more effect on the scattered radiation, and it
was difficult to verify that no scrambling effect took place because
the spectra in this orientation are always the sum of more than
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Table I
Assignments of the Raman Bands of Polyethylene*

frequency, cm! phase mode symmetry

1060 CA) 25(C-C) By + By,

1080 A »C-C)

1130 C (A) 1,(C~C) Ag+ By

1170 C (A) »(CHy) Ag+ By

1296 C 7(CHy) By + By

1310 A

1370 C w(CHy) Bg, + B3¢

1418 c 3(CHy) Ag

1440 } A { Fermi‘ resonance Big + Ag?

1460 A overtones? A;+ By?

o C, crystalline; A, amorphous; », stretching (s, symmetric; as,
asymmetric); p, rocking; é, bending; 7, twisting; w, wagging.

one I3 ajjap, terms. According to Bower,8 it seems that these
errors are difficult to eliminate.

Results and Discussion

Assignment of the Raman Bands. Inorder to obtain
information about the distribution of molecular orientation
from Raman intensities, it is very important to know the
structure of the molecular chain and the assignment of
the Raman lines. The main features in the Raman
spectrum of polyethylene in the 1000-1500-cm™ region
are listed in Table I along with their assignment based on
previous Raman studies on orthorhombic poly-
ethylene.15-1826-28 Aggeen in this table, the orientation of
both the crystalline and amorphous phases of polyethylene
can be determined from different Raman bands.

In the crystals, the carbon skeleton of the chains has a
planar zigzag structure, the C-C bonds being in the all-
trans conformation. Onthe other hand, in the amorphous
phase of the polymer, the chain conformation is not
anymore uniform and is composed of different sequences
of trans and gauche bonds.

In order to simplify the mathematical analysis of the
Raman data, only the vibrations with their tensor axes
coincident with the axes of the structural units will be
considered. Only the modes with A; and B;; symmetry
fill this requirement, and the By; or By; modes will not be
analyzed.

The in-phase skeletal stretching vibration of the C-C
bonds of the extended polyethylene molecule occurs at
1130 cm™ and has the symmetry properties of both A;and
By, species. It is interesting to note that the calculated
normal-mode frequency of a single chain is approximately
thesame.?® Also, normal-mode calculations on n-paraffins
have shown that C-C skeletal vibrations are highly de-
localized and that the frequency of this C-C stretching
vibration for molecules having one or two gauche bonds
is the same as that of the fully extended molecule.3?
Therefore, the intensity of the 1130-cm! band is associated
with all-trans C—-C bonds, whether these bonds are located
in the crystalline or the amorphous phases.

The 1080-cm™! band has been assigned to the stretching
of the C~C skeleton of different kinds of gauche struc-
tures.303! It primarily arises from the amorphous part of
the polymer and from the folds between adjacent planar
zigzag sequences in the crystalline phase and has been
used by Maxfield et al.8 for the measurement of the
orientation of the amorphous phase. For highly oriented
polyethylene, such as the samples used in the current study,
the intensity of this band is very low (Figure 2), due to the
high crystallinity of the samples.

The band at 1170 cm™! has also the A; + By; symmetry
and results from the CH; rocking mode. As for the
1130-cm™! feature, this band comes mostly from the
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crystalline part of the polymer, but the trans C-C bonds
in the amorphous phase are also expected to contribute
to the scattering intensity at this frequency. Maxfield et
al.8 have used this band to calculate the orientation of the
crystalline part of samples of low-density polyethylene. It
is clearly visible in the Raman spectra of the sample used
(Figure 2), but, for certain polarizations, it is almost
completely extinguished.

The origin of the bands due to the CH; bending modes
of polyethylene around 1450 ¢cm! is more ambiguous
because of the possibility of Fermi resonance between the
Raman active CH; bending modes and the first overtones
and the possible combinations of the infrared active CH,
rocking modes.!528 Nevertheless, it has been shown that,
for orthorhombic polyethylene, which contains two struc-
tural units per unit cell, factor group splitting of the CH,
mode results in two components at 1418 and 1440 cm™1.32
The 1418-cm™! band is well separated from the other
components of this spectral region and has been used
successfully to determine the crystallinity of polyethyl-
ene.l® Onthe other hand, the remaining peaks of the band
system are not easily assigned, even for the highly
crystalline polymer. Luu et al.3334 have suggested a new
assignment for this spectral region based on a three-phase
model. They have proposed the coexistence of melted
and solid amorphous phases characterized by broad bands
at 1460 and 1440 cm™, respectively. The former can be
represented by a sort of random coil with several gauche
bonds while the latter consists of an assembly of chains
mainly of the trans conformation but lacking the regular
packing of the crystalline phase. The third phase is the
orthorhombic crystalline phase characterized by the
1418-cm™ band. Attempts will be made to calculate the
orientation of both crystalline and amorphous phases from
this band system.

Intensity Determination. The intensity of the bands
at 1130 and 1170 cm™! was determined directly from peak
height measurements since these bands do not overlap
significantly with other spectral features. However, in
the case of the 1080-cm~! band, it was necessary to
decompose the 1000-1250-cm™! region into four compo-
nents (1060, 1080, 1130, and 1170 cm-!) by using the
method of Pitha and Jones® and the Gauss-Lorentz sum
function (50~80% Lorentz) since its intensity was very
low due to the high crystallinity of the samples used. The
frequency and the width at half-height of the 1080-cm™!
band were first determined from the Ip3 as0? spectrum
since the band is stronger for this spectrum, and these
spectral parameters were held fixed for the other spectra.
The intensity of each component was measured either from
the peak height or the area under the peak. For the
1400-1500-cm™! region, it was possible to make a rather
good estimation of the height of the three bands, but again
a decomposition (60~85% Lorentz) of this spectral region
was necessary to obtain reliable measurements.

In order to be able to determine from right-angle Ra-
man scattering the five independent Io3_ojjop, values
needed to calculate the second and fourth terms of the
expansion of the orientation distribution, it is necessary
to record spectra with three different orientations of the
sample relative to the direction of the laser beam (angle
v in Figure 1). Therefore, the angle v was successively
adjusted to 0°, 45°, and 90°. For a series of four spectra
at a given v angle, the only intensity correction was the
difference of the intensity of the exciting radiation with
different polarizations. The normalization between series
of spectra obtained at different v angles was done from
spectra giving the same IpY" a;jap, or a combination of them.
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Figure 2. Polarized Raman spectra of polyethylene (draw ratio
of 11.7) obtained by using the right-angle scattering geometry
with (1) v = 90°, (2) ¥ = 0°, and (3) v = 45°. Each spectrum is
related to the following intensity parameters: la = IjY ass? 1b,
1c, 2b, and 2¢ = )3 ag?; 1d and 2a = I3 a2 2d = I3 ag? 3a
= [o2 [{age® + aas?) /4 + angrss/ 2 + ags®]; 3b = In [ (age® + cass?) / 4
- agays/2]; 3¢ and 3d = Iy (an® + a?)/2.

Spectra were first normalized, as shown in Figure 2, for
a sample with a draw ratio of 11.7, and the spectra for the
same lo} ajjap, were averaged in order to improve the
accuracy of the measurements and to minimize birefrin-
gence effects. Since it is not possible to measure directly
the IpY aspass spectrum, it was calculated from other
spectra. Thisspectrum istherefore less accurate, especially
since birefringence problems are likely to occur at this
sample position (y = 45°). The fiveindependent o3 ajjop,
normalized spectra are shown in Figure 3 for the A = 11.7
sample, and the intensities of the bands investigated for
samples of PE stretched at A = 7 and 11.7 are reported in
Table II where the intensity of the strongest band was
adjustedto 1. Allvalues were obtained from the integrated
intensities, aithough very similar results were also obtained
from peak height measurements.

Orientation Parameters and Raman Tensors, With
the five independent /o3 a;ja,g values obtained for each
band, the second and fourth terms of the expansion of the
distribution function were calculated. Initial starting
values and limits for each unknown were necessary for the
iterative least-squares program to solve the set of eqs 7-11.
The “b” parameter, which depends on instrumental factors
and the incident light intensity, is always positive. Since
the samples studied were highly oriented, the initial value
for (Py(cos ) ) was set close to unity, and, accordingly, the
{P4(cos 6)) value was chosen as the most probable one.3¢
It was more difficult to estimate the initial value of the
unknown a; and as, corresponding to the ratios of the
principal components of the Raman tensor, a; /a3 and ag/
ag, respectively, for a given vibrational mode. Neverthe-
less, from the atomic displacements for each vibration, it
was possible to make an assumption of their relative sign
and amplitude. Itisimportant to keep in mind that more
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Figure 3. Five independent /oY a;jope normalized spectra used
for orientation determination of polyet?xylene (drawratioof 11.7).
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Table II
Relative Intensities® of the Raman Bands for the Different

ToXayapq

frequency,
em A IXag? IpTas? LhXai? LiXas?® Iy apass

1080 7 0.702 1.000 0485 0214 -0.20
11.7 0.653 1.000 0462 0178 -0.20
1130 7 0.150 1.000 0120 0.079 -0.08
117 0157 1.000 0.142  0.050 -0.05
1170 7 1.000 0002 0.406  0.109 -0.12
1.7 1.000 0001 0531 0.101 -0.10
1418 7 0190 1.000 0.027  0.059 -0.06
117 0120 1000 0.018  0.030 -0.03
1440 7 0906 0106 1.000 0.195 -0.20
117 0739 0302 1.000 0.189 -0.20
1460 7 0.859  0.412 1.000  0.259 -0.30
11.7 0685  0.294 1.000  0.135 -0.10

¢ The relative intensities were calculated from the integrated
intensity of each band relative to the highest value.

than one solution is possible for the nonlinear set of eqs
7-11 and that a good knowledge of the system is essential.

The results of the calculations are given in Table III for
the major peaks of the 1000-1250-cm™! region. As can be
seen, the Raman tensor is not cylindrical for either of the
vibrations investigated, as expected from the planar zigzag
structure of polyethylene. Furthermore, the sign differ-
ence between the o;/a3 and ay/aj ratios demonstrates
that the polarizability changes during the vibrations have
opposite sign in the plane or perpendicular to the plane
of the chains. This is particularly true for the band due
to the CH; rocking mode at 1170 cm™!, since, for this
vibration, the hydrogen atoms of the methylene groups
move out of the plane of the chains.

As expected, the best fit for the numerical solution of
eqs 7-11 was obtained for the 1130-cm™! band since the
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Table I11
Ratios of the Principal Components of the Raman Tensors
for the 1080-, 1130-, and 1170-cm™! Bands of Polyethylene
and Corresponding Orientation Coefficients

frequency, cm™! A aj/as  ag/az  (Pacos 8)) (Py(cos 0))

1080 7 -1.10  0.79 0.42 0.40
11.7 ~-1.05 0.80 0.47 0.47
1130 7 -054 031 0.75 0.56
11.7 -0.57 0.42 0.85 0.69
1170 7 -6.2 0.42 0.84 0.45
1.7 -7.3 0.40 0.87 0.52

Table IV

(Py(cos 0)) and (Py(cos 8)) for the Trans C-C Bonds of
Polyethylene in the Crystalline and Amorphous Phases
Determined from the 1130-¢cm~! Band

(Pn(cos 8)) A=7 A=117
{P5(co8 6) )rans total 0.75 0.85
(Py(cos 8))trans total Raman 0.56 0.69
(P3(cos 0) )trans cryat 0.95 0.96
(P4(C08 6) ) trans cryst X-ray® 0.87 0.94
(P3(cos 0) )trans amorph R 0.27 0.80
(P4(cos 6) )trans amorph an -0.15 0.11

9 From ref 24.

intensity of this strong and well-resolved band was
determined with more accuracy, and also because it is
very likely that the Raman tensor coincides with the chain
axis for this vibration that involves the symmetric breath-
ing of the carbon skeleton of the polymer. Moreover, the
values of the ratios a;/a3 and az/ a3 obtained from the A
= 7 and 11.7 samples using the 1130-cm™ band are in
excellent agreement. The value obtained for {Py(cos 8))
from this band increases with the draw ratio but is always
lower than that obtained by X-ray diffraction for the
crystalline phase (Table 1V).24 This difference confirms
the assignment of the 1130-cm™! band to trans C—-C bonds
that are not only located in the crystalline phase. The
value obtained for {P,(cos ¢)) falls within the range of the
most probable ones.3

The weakness of the 1170-cm™! band introduces some
nonnegligible errors of intensity, and the numerical fit for
this band was not as good as that for the 1130-cm™! band.
Therefore, the results presented in Table III for this band
are less reliable. Nevertheless, the ratios a;/ a3 and a2/ ag
are in fairly good agreement for the two samples inves-
tigated. As seen in Table III, the orientation averages
calculated from this band are higher than those obtained
from the 1130-cm~! band but are also smaller than the
orientation averages determined by X-ray diffraction.
Therefore, neither the 1170-cm™! band nor the 1130-cm™!
band can be used to determine the orientation of the
crystalline phase of polyethylene.

The orientation of the gauche structures in the amor-
phous phase of the polymer was also determined by using
the 1080-cm™ band. Figure 2shows that this band is weak
in all spectra, and, as mentioned above, its intensity was
determined from the band decomposition of the 1000-
1250-cm™! region. In spite of the imprecision resulting
from the weakness of this band, the values obtained for
{Py(cos 6)) are reasonable for the amorphous phase, and
theratios a;/azand as/ agare the same for the twosamples.
The orientation of the gauche structures does not vary
much with the draw ratio, in agreement with the infrared
results of Kaito et al.3” The values of (P4(cos ) ) obtained
from the 1080-cm™! band are slightly too high, but they
are within acceptable limits.36

Several attempts have been made to determine the
orientation averages (Pz(cos 8)) and (P4(cos 6)) from the
bands due to the CH; bending modes at 1418, 1440, and
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Figure 4. Comparison between right-angle (—) and backscat-
tering (- - -) Raman spectra of polyethylene (draw ratio of 11.7).
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1460 cm™!. According to the three-phase model by Luu
et al.,3334 the modes associated with these bands should
have their Raman tensor axes coincident with those of the
structural units. Unfortunately, even after changing the
starting values of the unknowns and the intensity mea-
surement procedure, it was not possible to solve egs 7-11
for either of the three bands in this region. Even when
the value of IyY ageass, which is more subjected to
experimental errors, was calculated from the depolariza-
tion ratio of the Raman bands, as suggested by Maxfield
et al.® no solution was found for any bands of the
1400-1500-cm™! region.

This result is surprising, especially for the 1418-cm™!
band, since it has always been associated with a mode of
A; symmetry for the orthorhombic crystalline phase of
polyethylene!®32-3¢ and is even used for the determina-
tion of the degree of crystallinity of polyethylene.!®
Therefore, it seems that the assignment of this spectral
region is not as simple as that proposed by Luu et al.33:3¢
Even though Fermi resonance is not believed to affect the
intensity of the 1418-cm™! band,!® the problems encoun-
tered for the calculations of (Pq(cos 8)) and (Ps(cos 6))
most likely result from the occurrence of Fermiinteractions
between the Raman active CH; bending modes and the
first overtones and the possible combination of the infrared
active CH; rocking modes of the crystalline phase of the
polymer.1527 It is well-known that Fermi resonance can
lead to strong intensity changes due to the mixing of the
vibrational wavefunctions and can affect the polarization
properties of the bands involved.

At this point, it is interesting to compare the results
obtained in this paper for the orientation of the trans C-C
bonds from the 1130-cm™! band with those of the X-ray
orientation of the crystalline phase ((P,(cos ) }trans cryst)
which is composed of chains in the all-trans conformation.
AsseeninTable IV, the orientation coefficients determined
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by X-ray diffraction are significantly higher than those
obtained from the 1130-cm~! Raman band, {Pp,(cos
) Ytrans total- ‘T his is not surprising since, as discussed above,
the 1130-cm™ band arises frm the C—C symmetric stretch-
ing vibration of trans bonds in both the crystalline and
amorphous phases. In fact, it has been shown by Strobl
and Hagedorn!® that the Raman spectrum of semicrys-
talline polyethylene can be described as a superposition
of three components, which originate from the orthorhom-
bic crystalline phase, a meltlike amorphous phase, and a
disordered phase of anisotropic nature where the chains
are stretched but have lost their lateral order. From this
model, the C-C bonds with trans conformation would be
primarily located in the crystalline and anisotropic-
disordered phases. Even though the method of Strobl
and Hagedorn!®has been successfully applied to the study
of the morphological structure of polyethylene3®%® and
copolymers of ethylene and 1-alkenes,*® we have not yet
been able to extend it to oriented polyethylene samples
since Raman spectra of randomly oriented samples are
necessary for the determination of the relative amount of
the three phases. Therefore, in order to be able to compare
the Raman and X-ray results, we have used the more simple
two-phase model, which describes the structure of poly-
ethylene as consisting of a crystalline and an amorphous
phase.

When this two-phase model is used, the orientation
coefficients determined by Raman spectroscopy from the
1130-cm™ band should be weighted averages of the
orientation coefficients determined by X-ray diffraction
and those of the trans C-C bonds in the amorphous phase,
(Pn(cos 0) )1rans amorph:

(Pn(COS 0)>trnns total = ycryst<Pn(cos 0)>trans cryst +
a- ycryut)(Pn(cos 6) trans amorph (19)

where Yeryst is the weight fraction crystallinity. The latter
was found from density measurements to be equal to 0.70
for the two samples used.

The results obtained from eq 19 (Table IV) reveal that,
for the sample with a draw ratio of 7, the trans bonds in
the amorphous phase are not highly oriented, even though
the crystals are almost perfectly oriented ((Pa(cos
8) ) trans cryst close to 1). In addition, the negative value of
(P4(co8 8) ) trans amorph indicates that the distribution of the
trans bonds in the amorphous phase is not centered along
the draw direction. For the A = 11.7 sample, the value of
(P3(c08 8) trans cryst 18 almost the same as that for the A =
7 sample, but the higher value of ( P4(c08 8) ) trans cryst Shows
that the distribution of the crystal orientation is narrower
athigher drawratios. Ontheotherhand, thereisamarked
increase of the degree of orientation of the trans bonds in
the amorphous phase. Furthermore, the orientation
distribution of these conformers appears to be more
centered along the draw direction. These results are in
excellent agreement with those of Kaito et al.3” obtained
on roll-drawn high-density polyethylene by infrared and
visible-ultraviolet dichroism. They have observed that
the orientation function ((Pz(cos 8))) reaches a plateau at
draw ratios higher than about 10 and that, during the
roll-drawing process, the trans-rich sequences in the
amorphous phase orient more readily in the draw direction
than the gauche-rich sequences.

Backscattering Experiments. The backscattering
(180°) geometry offers several advantages for orientation
measurements by Raman spectroscopy. First, with this
configuration, it is much easier to position the sample in
the spectrometer, especially in the case of thick samples
and of samples of irregular shapes. Second, it allows the
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Table V
Orientation Distribution Coefficients of Polyethylene
Obtained from Right-Angle (90°) and Backscattering (180°)
Raman Measurements

frequency, <P2(c°s 0)) (PA(COS 0))
cm! Y 180° 90° 180° 90°
1130 7 0.79 0.75 0.49 0.56

9.6 0.82 0.57

11.7 0.86 0.85 0.63 0.69

determination of the distribution of orientation in non-
homogeneous samples since the diameter of the focused
laser beam on the sample has only approximately 200 um.
Finally, birefringence effects may be less important than
for the right-angle scattering geometry because the scat-
tered radiation comes from a small volume near the surface
of the material. On the other hand, backscattering
illumination limits the number of independent spectra
that can be obtained so that it is not possible to solve eqs
7-11 only from backscattering measurements unless the
sample is rotated along several directions.

However, once the values of the ratios a1 /a3 and aa/ a3
of the principal components of the Raman tensor are
known from right-angle scattering measurements, the
number of unknowns in eq 7-11 is reduced to three, and
the system can be solved from backscattering spectra only.
Since the intensity of the band due to the in-phase C-C
stretching vibration at 1130 cm™! is high enough to allow
accurate measurements and since reliable values of a1/ a3
and ag/as were obtained for this vibration, only the
1130-cm™! band was analyzed for the backscattering
experiments.

In order to obtain the three different I3 a;ijapq values
required, it is no longer necessary to rotate the sample. If
the angle v is set to 0° (Figure 1b), it is possible to record
the spectra IoY_ az?, Ip3 as?, and IpY ass? (see the Ex-
perimental Section). In Figure 4, these three spectra are
compared with those obtained by right-angle scattering.
The excellent correspondence between the two sets of
spectra indicates that accurate results can be obtained by
backscattering illumination and that the depolarization
due to birefringence effects is minimal.

Values of (Py(cos 8)) and {P4(cos 8)) obtained from the
backscattering measurements on three samples of poly-
ethyleneroll-drawn at different draw ratios are presented
inTable V. Ascan be seen, these results are in fairly good
agreement with those obtained at right-angle scattering,
the small discrepancies being due to inhomogeneity of
orientation in the roll-drawn sheets. This was ascertained
from measurements made on different areas on the
samples. All values reported in Table V were calculated
from spectra recorded in the center of the sheets where
the maximum of homogeneity was observed. The results
of Table V show that trans C-C bonds continue to re-
orient slightly parallel to the draw direction, even at a
draw ratio of 11.7.

The backscattering spectra in the C~C stretching mode
region recorded with the polarization direction of both
the laser beam and the analyzer parallel to the draw
direction (Io3_as3?) are quite sensitive to the orientation
of the polymer chains since the 1060- and 1130-cm~! bands
have By + Bg; and A; + By, symmetry, respectively. As
seen in Figure 5, the relative intensity of the 1130-cm™!
band to that of the 1060-cm™ feature increases significantly
with the draw ratio and, therefore, provides an excellent
probe of the orientation of the trans C-C bonds of
polyethylene. In Figure 6, the hj130/hi0s0 peak height
intensity ratio is plotted as a function of the orientation
coefficients (Ps(cos 8)) and (Pq4(cos 8)) obtained from all
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Figure 6. Correlations between the h1130/hi0s0 intensity ratio in
the IyY_ aaa? backscattering spectra and the (P;(cos 6)) and (P
(cos 6)) orientation coefficients.

backscattering experiments done on roll-drawn sheets. As
can be seen, there is a fairly good correlation, although the
data points are more scattered for (Py(cos 8) ) because this
parameter is more sensitive to small intensity errors.
Nevertheless, if the orientation averages (Ps(cos 8)) and
(Py4(cos 8)) are smaller than 0.8, by using the calibration
curves of Figure 6, it is possible to obtain rapidly good
estimates of these averages from the I3 a3s? spectrum in
the 1000-1200-cm™! region only. This method should be
particularly useful for the determination of the distribution
of the orientation of C-C bonds with the trans confor-
mation in thick processed samples of polyethylene. It
should be mentioned that similarly good correlations were
also obtained with extruded high-density polyethylene
samples.
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Conclusions

The results of the present study show that Raman
spectroscopy can provide quantitative information about
the molecular orientation of polyethylene. When the
principal components of the Raman tensors are known,
the backscattering geometry can be used to obtain rapidly
good estimates of the orientation parameters (Ps(cos §))
and (P4(cos 6)). The results obtained show that, during
the roll-drawing process, the extended chains in the
crystalline phase are almost completely oriented at a draw
ratio of 7 and that the trans C-C bonds in the amorphous
phase orient more readily in the draw direction than the
gauche defects.
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