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Raman polarization analysis of highly
crystalline polyethylene fiber

Leonardo Puppulin, Yasuhito Takahashi, Wenliang Zhu
and Giuseppe Pezzotti*

The complex orientation dependence in space of Raman active vibrations in the orthorhombic structure of polyethylene (PE)
is discussed in terms of Raman tensor elements as intrinsic physical parameters of the lattice. Building upon the symmetry
assignment of these vibrational modes, we systematically studied, from both theoretical and experimental viewpoints, the
changes of polarized intensity for the A; and the B4 + B34 vibrational modes with respect to PE molecular orientation. After
explicitly expanding the Raman selection rules associated with the A; and the B4 + B35 modes, introducing them into general
expressions of the orientation distribution function, and validating them by means of a least-square fitting procedure on
experimental data, we compare here two mesostructural models for a highly crystallized and self-aligned PE fiber structure.
Stereological arguments are shown concerning the arrangement of orthorhombic fibrils in such a sample that unfold the correct

values of five independent Raman tensor elements for orthorhombic PE. Copyright (© 2010 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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Introduction

Polyethylene (PE) has been thoroughly studied in the past 60 years,
being the largest volume polymer consumed in the world.
Renewed interest in the structural characteristics of PE arises
from the fact that this material is used as a bearing material in
orthopedic joint components (e.g. knee and hip prostheses). This
is due to its low friction coefficient, its high wear resistance and
biocompatibility, which are among the highest for polymers.!' -3
The continuously rising demand of long-term durability of such
implants in low-friction arthroplasty has stimulated the efforts of
scientists and technologists in developing PE structures less prone
to generation of micrometric wear debris. As a matter of fact,
the byproducts of wear degradation are the most detrimental
cause of failure for PE-bearing components embedded in the
human body, since body reaction to such foreign particles
leads to irreversible bone degeneration.*=% The need for better
understanding the basics of PE structures and to expand their
methods of analysis, indeed, represented the main driving force
of this study.

We and other research groups have been recently involved
with studies concerning the improvement of both the oxidation
and wear behavior of PE bearings exposed in the human body. In
this context, since crystallographic information is very relevant to
successful molecular design of the surface of advanced biomedical
components,”~'% the development of a fully three-dimensional
analysis of the molecular orientation of the PE orthorhombic
structure is mandatory. Raman microprobe spectroscopy offers a
viable path to assess the (local) orientation in PE components. It
was demonstrated that the best window to characterize medium-
to long-range organization of macromolecules in high- and
semi-crystalline fibers is the low wavenumber region where the
collective/lattice modes are located.!'"! However, the analysis of
Raman band characteristics in the middle wavenumber range

of crystalline macromolecules has also been widely used as
an alternative procedure,l'? although bands in such a spectral
region only probe local structures. Moreover, in order to make
the method quantitative and to detect stereological changes of
molecular orientation due to mechanical action, it is necessary
to fully resolve the second-rank tensor associated with the
vibrational bands of a partially aligned orthorhombic PE structure.
In this paper, we first present a theoretical description of
the periodic dependences under polarized light of the Ag
and By + B3z phonon mode intensities on the set of three
Euler angles between the laser polarization direction and the
crystallographic axes of the orthorhombic structure of PE.
Then, we validate the obtained Raman selection rules with
experimental data collected by performing a set of polarized
Raman experiments on a highly crystalline PE fiber from
which we calculate a set of five independent Raman tensor
components.

Experimental

The investigated sample was a monofilament of a commer-
cially available ultrahigh molecular weight PE fiber manufactured
by Ningbo Dancheng Advanced Materials Co. Ltd (Zhejiang,
China). Raman spectra were collected at room temperature by
a triple monochromator (T-64000, Jobin-Yvon/Horiba Group, Ky-
oto, Japan) equipped with a charge-coupled device detector,
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Figure 1. A; Raman bands as collected in cross (a) and parallel (c) probe polarization geometries, as a function of rotation angle ¥ on a PE fiber.
In (b)and (d), we report typical experimental plots of the angular dependence of Raman scattering intensities (A; mode) collected by rotating
in-plane the fiber axis (for cross and parallel polarization, respectively). A schematic draft of the adopted Cartesian reference system is shown in
inset of (a), with the Euler angles that correlate the laboratory reference system (XYZ) to the crystallographic reference system (x'y’z’) of the PE

fiber.

and analyzed by using commercially available software (Lab-
spec, Horiba/Jobin-Yvon Group). The excitation source was the
monochromatic blue line emitted by an Ar ion laser at 488 nm
(Stabilite 2017; Spectra Physics, Mountain View, CA) with a
power of 100 mW. The crystallinity of the fiber sample was
as high as 99.8%, as determined from its nonpolarized Ra-
man spectrum according to the method given by Strobl and
Hagedorn.I'3! In inset of Fig. 1(a), a schematic sketch is shown
that explains our choice of laboratory reference system with re-
spect to the crystal reference system in terms of Euler angles in
space.

Results and Discussion

A literature review of the studies in the past four decades,['4-1¢!

which were based on small- and wide-angle X-ray measurements,
shows evidence that PE fibers generally possess a high degree of
uniaxial orientation and remarkably higher degrees of crystallinity
as compared to bulk PE samples. The crystalline phase in the
fiber is predominantly orthorhombic and, due to the strongly
unidirectional deformation that takes place during the drawing
process, PE molecular chains are highly aligned along the long
axis of the fiber.['”) In other words, the typical spherulitic structure
characteristic of undeformed PE is converted during drawing
into a fibrillar structure in which the ¢ axis of the orthorhombic
cell is parallel to the drawing direction. However, the lack of
spatial resolution in the characterization techniques available so

far (i.e. including Raman microprobe spectroscopy) does not allow
to univocally locate the orientation of the a and b axis in the
¢ plane of the orthorhombic cell. This circumstance, together
with the difficulty in obtaining an orthorhombic PE single crystal
with homogeneous orientation, is the reason for the partially
unknown structure of the Raman tensor of PE. In this study,
we attempt to correct this lack of understanding and to pass
over the spatial resolution issues by tackling the problem from
a stereological viewpoint. For doing so, we matched highly
spectrally resolved (polarized) Raman data with two different,
but in principle both realistic, structural models describing the
arrangement in space of the PE orthorhombic fibrils on the
mesoscale.

Rieckel et al.l'® studied a highly oriented PE fiber by collecting
diffraction patterns by means of a 2-um X-ray beam. Their results
of scanning along the diameter of the fiber suggested the
presence of blocks of orthorhombic domains with size typically
in the order of the tens of micrometers, which only differed
in the preferred orientation of their b axis. According to this
model (henceforth simply referred to as Model I), we can assume
that our confocal/polarized Raman probe (whose size has been
quantitatively calibrated in a previous study!'® as 2.2 and 6.4 um
in diameter and depth, respectively) might eventually span an
individual homogeneously oriented orthorhombic domain. On
the other hand, Dees and Spruiell?® put forward a stereological
model for drawn PE fibers that foresees PE lamellae consisting
of sub-micrometric fibril nuclei radially grown outward, the
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growth direction being along the b axis of orthorhombic PE.
According to this latter model (henceforth simply referred to
as Model ll), the crystalline structure of a PE fiber can be
considered to be isotropic in any plane perpendicular to the
fiber axis. In other words, if this structural model were valid,
our confocal/polarized Raman probe would not be capable of
resolving any preferential orientation in a plane perpendicular
to the long fiber axis. Figure S1 (Supporting Information) shows
sketches of the interaction between the confocal/polarized Raman
probe and the PE fiber in the cases of both the aforementioned
structural models. The tensorial rules governing the relative
intensity of the Raman bands for a given crystal structure can
be expressed as a function of crystal orientation in space and
probe polarization geometry,?'-22 according to the following
tensorial equation:

[ o |ejdies|? (1)

where [ is the scattered Raman intensity, e; and e, are the unit
polarization vectors of the electric field for incident and scattered
light, respectively. For a fixed polarization vector of the incident
light (which is the case with our Raman equipment), parallel and
cross-polarization geometries are thus possible for the scattered
light, the unit polarization vectors being expressed in Cartesian
coordinates, as follows:

0 1
ey, =(0 1 0), es'xyz=<1>, e;yz=<o) 2)
0 0

where the subscriptsiand srefertotheincidentand scattered light,
respectively; the superscripts || and L refer to the parallel and cross
configuration of the polarized probe, respectively (Z(YY)Z and
Z(YX)Z, respectively, in Porto notations!?3)). 9 is referred to as the
second-rank Raman scattering tensor of the particular vibrational
mode under consideration (Table 1), whose set of fiveindependent
elements are the object of this study. In this analysis, we considered
the bands of PE Raman spectrum located at 1130 and 1293 cm™’;
these bands are related to the C-C stretching vibration (A; mode)
and the -CH,- twisting vibration (B,g + B3g mode), respectively. The
tensorial Egn (1) can be explicitly expressed in terms of three Euler
angles in space by using a transformation matrix and its inverse.
Then, the general angular dependences (also referred to as the
Raman selection rules) can be derived for both cases of structural
models reported for the structure of the PE fiber (Fig. S1). Table 1
lists the structure of the Raman tensors for the Ay and B,y + B3y
modes,?*! expressed in the crystal principal axis directions, and
the Raman selection rules pertaining to the two structural models
describing the microstructure of the crystalline fiber. In such
equations, A and y represent numerical constants that depend on
theinstrumental configuration and spectral band employed. As far
as Model | is concerned, in our reference choice (inset in Fig. 1(a)),
0 is expected to be very close to Jr/2 (given the expected high
degree of alignment of the fiber), ¥ corresponds to the in-plane
rotation angle of the jig supporting the fiber (the variable angle in
our experiments), while ¢ is the angle describing the orientation
of the b and a axis in the ¢ plane, which is unknown. Moreover,
the selection rules reported in Table 1 invariably show that the
periodicity of the Raman intensity fluctuation could be expected
over eitheraninterval 0 < ¢ <mor0 <y < 71/2, depending on
the examined Raman mode. Figure 1 experimentally proves the
actual existence of different periodicities as theoretically predicted
for Raman intensities under different polarization geometries.
However, in order to obtain a fully quantitative Raman assessment,

the local orientation distribution function of the molecular chains
has to be taken into consideration in the computations.?>=27!
Such functions have been formulated in terms of Wigner functions
expanded in series of Legendre polynomials. A set of four working
equations that include both Raman selection rules and molecular
distribution patterns can be given!28!:

b €.0,9)
y=2r

a=2m B=m
/_0 _/ﬂ_o ’L'j(ﬂ’, @, ¥)f(B)sin B dp da dy

y=2n pa=21 B=m
/ / / f(B)sin B dp da dy
y=0 a=0 p=0
Illyl

b s, .0, V)

y=2r a=21 B=n N
/ / / Ig'29+83g (B0, v)f(B)sin B df dady
y=0 a=0 B=0

_ Jy=0

3)

y=2m

a=2r p=r
/ / f(B)sin BdB da dy
a=0 B=0

y=0
4)

with the Raman intensities in the integrals givenin Table 1; («, 8, )
represent an additional set of Euler angles that describes the
molecular orientation within the probe and are linked to the set
of Euler angles (0, ¢, ), describing the orientation of the fiber in
space, according to the following equation:

tan ) (5)
VtanZa + 1

The orientation distribution function f(B) is given as:

/_jT _
B _E—Q_arctan

f(B) = Aexp{—[r2P>(cos B) + LsaP4(cos B)1} (6)

where A is a constant and the parameters A, and A4 are the
Lagrange multipliers used in the definition of the principle of
maximum information entropy reported by Jaynes.”” The three
parameters A, 1, and A4 can be determined by solving the system
of three equations, which describe the average values of the
Legendre polynomials:

y=2n pa=21 B=m
/ / fla, B,y)sin pdBdady =1 (7)
y=0 a=0 B=0
y=2n pa=21 B=m
/ / Py(cos B)f(B)sin B dB da dy = (Pa(cos B))
y=0 a=0 B=0
(8)
y=2r a=2m pB=n
/ / [ P4(cos B)f(B)sin BdBdady = (P4(cos B))
y=0 a=0 p=0
9)

Of the two ‘order parameters’ (P,(cos B)) and (P4(cos B)), the
former is usually referred to as the Herman’s orientation
parameter.28! This parameter assumes the value zero when the
orientation of the orthorhombic crystals is fully random, while
the values 1 and —0.5 are assumed when perfect orientation
along and perpendicular to a given axis (e.g. the long axis of the
fiber) is reached, respectively. The Herman'’s orientation parameter
is the primary parameter to judge the alignment of crystalline
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Table 1. Raman tensor elements and the predicted dependences of polarized Raman intensities on crystallographic orientation for the A; and the
Byg + B3g modes, according to Raman selection rules®
a 0 0 0 0 e
Model | ‘)lAg 0 b O ()lBZg+B3g 0 0 f
0 0 ¢ e f O
_ — a) cos 6 sin2¢ cos 2y + smwcosxp asin® ¢ + bcos? ¢ — csin 6)]
Ag Cross =A |:7C05295IHI/ICOSW acos? ¢ + bsin? p) e
_ c¢sin? 4 sin? 1//+a5|n<pcosw+c059cosgosmw ]
Parallel =A [+b (cos ¢ cos ¥ — cos 6 sin ¢ sin )2 Ty
_ 0.5 x [—esin@(cos 6 cos ¢ sin 21y — cos ¢ cos 2v)]? }
Bag + B3 Cross - A{ +0.5 x [fsin6(cos 6 sin ¢ sin 2y — cos ¢ cos 2v/)1? T
_ [—esin @ sin ¥ (sin ¢ cos ¥ — cos 6 cos ¢ sin yr)]? }
Parallel =A { +2 x [fsin@ sin ¥ (cos ¢ cos ¥ — cosd sin ¢ sin ¥)]? tr
a 0 0 0 0 e
Model Il .‘TiAg =|0 a 0 )1529+B3g 0 0 e
0 0 ¢ e e O
Ag Cross I = Alsiny cosy(a — csin? ) — acos? 0 sin yr cos Y12 + y
Parallel I = Alcsin? 0 sin? ¢ + a(cos? ¥ 4 cos? 0 sin2 )12 + y
Bag + Bsg Cross I = Ale? sin? 6(cos? ¥ + cos? 0 sin 2¢)] + y
Parallel I = Ale? sin? 0 sin? y(cos? i + cos? 6 sin? )] +
@ The obtained equations differ depending on the model considered in describing the microstructure of the PE fiber.
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Figure 2. Example of angular dependence of the Raman band intensity at 1293 cm™
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! retrieved in parallel polarization (a). The least-square fitting curves

refer to Model |, while the equations for the By4 + B35 mode in parallel probe configuration were taken as listed in Table 1.1n (b), least-square fitting curves
of experiments at four different locations along an isolated fiber (monofilament) are compared, and the respective ¢ angles explicitly reported in inset.

patterns.28! Note that, in the computational process, we might
exclude in first approximation any azimuthal dependence and
assume that the orientation distribution function in the fiber
is only dependent on the polar angle B (i.e. assuming uniaxial
symmetry with respect to the long axis of the fiber). As long
as Model | holds validity for the structure of the fiber, one
might assume that focusing the laser on different isolated fibers
(or at different locations of the same fiber) should lead to a
different angular dependence of Raman band intensities, which is
characterized by different values of ¢. In other words, any different
experiment carried out by rotating in-plane the jig supporting
the fiber (i.e. rotation by an angle ¥) and keeping the laser
focused at exactly the same location should reveal a preferential
orientation of the a and b axis, which should be different from
one experiment to another. Note also that, even considering
both the available vibrational modes (i.e. Ay and Byg + Bsg), one
cannot retrieve the full set of five (unknown) tensor elements
by just collecting two differently polarized Raman intensities at a

given angle ¥ (and with focusing the probe at a fixed location),
because in that case only four independent equations become
available (Table 1). However, by collecting the Raman intensity
dependences at discrete locations over a given interval of the in-
plane rotation angle ¥, a series of independent equations become
available. In the computational practice, at a given location in the
fiber, a total of nine unknown parameters, namely five Raman
tensor elements (i.e. g, b, ¢, e, and f), two unknown Euler angles
(¢, 0), and two order parameters (P;j(cos 8)) (with i = 2,4), need
to be determined (i.e. in addition to two instrumental constants
A and y). On the other hand, the constants A, A,, and A4 can
be obtained from the additional Eqns (7)-(9). Accordingly, for
fully retrieving all the unknown parameters one would need a
series of n > 3 Raman spectra taken at different ¥ angles of
each location in the in-plane angular interval 0 < ¢ < 71/2.
A computer routine was then run to obtain least-square fitting
curves to experimental plots that, in the present experimental
protocol, included n = 9 angular values (thus exceeding the
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Figure 3. Example of angular dependence of the Raman band intensity at 1130 cm™" collected in parallel polarization (a). The least-square fitting curves
refer to Model |, while the equations for the A; mode in parallel probe configuration were taken as listed in Table 1. In (b), least-square fitting curves are
compared for experiments at four different locations along an isolated fiber. Note that the ¢ angles retrieved in the four different experiments were the
same as those calculated by means of the equations concerning the B,y + B3y mode.

minimum number n = 3 of needed spectral rotations). It should
be noted that the computational routine should locate five tensor
elements whose values are independent of probed location, being
parameters intrinsic to the crystal structure. On the other hand,
the other unknown parameters should be location-dependent.
The structure of Raman selection rules pertaining to Model Il is
also shown in Table 1. The computational routine can be similarly
operated to find the unknown parameters (reduced to six in
addition to the two instrumental constants, since the model
assumes a = b and e = f, and any dependence on the ¢ angle
is now lost). Typical angular dependences and their related best
fitting curves experimentally retrieved at a randomly selected
location on an isolated PE fiber are shown in Figs2 and 3 for
(B2 + B3g)!! and A modes, respectively. Least-square fitting of the
experimental periodic dependences (according to Egns (3) and (4)
and the Raman selection rules given in Table 1 for Model I) led to
the values —0.762, —0.944, 0.240, 0.896, and 0.622 for the Raman
tensor elements g, b, ¢, e, and f, respectively. These values satisfied
a set of data collected at ten random locations on an isolated fiber
(only one set is shown in (a) of each figure for brevity), collected
as a function of in-plane rotation angle . The value of the
Herman’s parameter was found to be always (P,(cos 8)) > 0.97
at any investigated location, thus confirming the extremely high
degree of alignment of the PE structure along the long axis
of the fiber. Typical values for the remaining parameters were
(Pa(cos B)) = 0.92, A, = A4 = —10, and A = 3.29 x 107°,
A striking feature here was that, in the angular dependences
collected at different locations, Raman intensities strictly obeyed
the predicted periodicities but with different maximum values at
Y =7 /4,37 /4,and ¥ = 0, 7, for the B,, + B3, and A; modes,
respectively. These differences cannot be explained according to
the simplified structural Model Il. As a matter of fact, fitting of the
retrieved experimental data cannot be achieved at any location
by means of the same set of five tensor elements unless different
values of the ¢ angle are conceived for differentlocations (compare
best-fitting plots and ¢ angle values in Figs 2(b) and 3(b)). This
finding proves the validity of the domain-like model proposed by
Rieckel et all'® (i.e. Model 1) and disproves the isotropic model
proposed by Dees and Spruiell®” (i.e. Model Il). Note that a least-
square fitting routine on the shown series of experimental data
as a function of the in-plane angle ¥ can be also obtained for
Model II, but only upon normalization of the experimental plots
to their respective maxima. This procedure is indeed incorrect and

leads to wrong values of the tensor elements (i.e. a = b, ¢, and
e = f can be calculated as —0.916, 0.260, and 1.160, respectively).
A parametric study of all the angular dependences of the Raman
intensity of orthorhombic structures with different sets of Raman
tensor elements showed a predominant role of the ratio a/b
on the morphology of the parallel-polarized dependence of the
Ay modes on the in-plane rotation angle ¥. In other words, for
orthorhombic structures, whose Raman tensor element ratio lies
within theinterval 0.75 < a/b < 0.85 (i.e.including the case of the
orthorhombic PE structure for which a/b ~ 0.8), the dependence
of the Raman selection rules on the angle ¢ is not negligible.

Conclusion

In conclusion, an in-depth sensitivity study of the Raman selection
rules for the orthorhombic structure of a highly aligned PE fiber
sample, considering three Euleranglesin space as well as the role of
orientation distribution functions, allowed us to unfold a set of five
Raman tensor elements and, incidentally, to prove the validity of a
structural model, as proposed by previous authors, involving the
existence of discrete domains in PE fibers with typical dimensions
in the order of few micrometers. The knowledge of the set of
Raman tensor elements opens the possibility of quantitatively
evaluating unknown orientation patterns for PE molecular chains
in space (i.e. in the case of PE biomedical grades) by means of
polarized Raman spectroscopy.

Supporting information

Supporting information may be found in the online version of this
article.
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