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The processes involved in creating fibers from organic polymers — either man-made or 
natural — have the potential to orient the molecules in the fibers. Examination of a number 
of fibers confirms that orientation is a more or less ubiquitous phenomenon that can be 
detected and quantified by Raman microscopy. In addition, the presence of molecular ori-
entation can mediate the crystallization process which can also be followed with the Raman 
signatures. Recognizing how to avoid instrumental artifacts while measuring these phenom-
ena can aid in characterizing fibrous materials and in differentiating similar fibers collected 
as trace evidence in forensics investigations.

Raman Microscopy Analysis of 
Molecular Orientation in  
Organic Fibers

Molecular Spectroscopy Workbench

L arge linear organic molecules exhibit the po-
tential to have their molecular axes more or less 
aligned during the creation of fibers from these 

molecules. The degree of molecular alignment can af-
fect the strength of the fibers and their ability to crys-
tallize. The physical properties that are determined 
by orientation and crystallinity determine which 
industrial applications such fibers can be used for. 
For instance, cotton, silk, wool, and man-made fibers 
such as nylon, polyethylene terephthalate (PET), and 
Kevlar (aramid fiber, DuPont) are used to make tex-
tiles. For ages wool has been known for its warmth, 

silk for its strength, and cotton for it hygroscopic 
properties. The man-made fibers mentioned are 
known for their durability and strength (especially 
Kevlar). In this article, we indicate how the behavior 
of the polarized Raman spectra can elucidate the mi-
croscopic structure of these fibers.  

Instrument Behavior
All dispersive Raman instruments are, by definition, 
grating-based; meaning that the spectral lines are 
dispersed (that is, separated) by a diffraction grating. 
Such instruments have wonderful properties, with the 
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exception that the dichroism of the 
grating’s ref lectivity for the two 
polarizations (Eperp=E⊥ and Epar= 
E || which denotes the electric vec-
tor being either perpendicular or 
parallel to the grooves of the grat-
ing) can strongly affect the relative 
intensities of the spectra recorded. 
The ref lectivity spectral profiles 
are determined by the grating 
groove density (that is, the groove 
width) and the shape of the groove. 
The result, which determines the 
type of curves shown in Figure 
1, is totally the result of grating 
physics. To the extent that the 
groove profile can be controlled 
by the shape of the diameter of the 
tool used to cut the grating, or an 
etching process of a holographi-
cally ruled grating, these curves 
can be optimized for a particular 
type of measurement. For instance, 
let’s suppose you want to measure 
a series of polymer spectra using 
a 532-nm laser on a short focal 
length (200-mm) spectrograph. An 

1800-g/mm grating will provide 
about 1500 cm-1 coverage in the 
fingerprint region (~1.5 cm-1/pixel) 
and a 1200-g/mm grating will 
provide about 2600 cm-1 coverage 
(~2.6 cm-1/pixel). On a long focal 
length spectrograph (800 mm), 
a 600-g/mm grating will provide 
1500 cm-1 (~1.5 cm-1/pixel), and 
a 300 g/mm-grating will provide 
about 3100 cm-1  
(~3.1 cm-1/pixel).  

But in addition to effecting 
the dispersion, the choice of the 
grating affects the relative re-
sponse at different wavelengths 

and for different polarizations. 
Figure 1 shows typical ref lectiv-
ity curves for four gratings whose 
groove densities match what was 
discussed in the previous para-
graph. Of particular interest is the 
polarization response, which is 
indicated by two curves for each 
grating. 

For each grating there are two 
curves (the 1800-g/mm grating at 
the bottom shows three curves, 
the third being the average of the 
other two) with a crossover point. 
On the long wavelength side of the 
crossover point the higher ref lec-
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Figure 1: Grating reflectivity measurements, 
from top to bottom, of a 300-, 600-, 1200-, and 
1800-g/mm grating. Each grating measurement 
was performed for ⊥ and || with ⊥ higher at 
longer wavelength. The green to red arrow at 
the bottom indicates the Raman range for a full 
4000 cm-1 spectrum excited at 532 nm.
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Figure 2: Schematic illustrating how a fiber is mounted for measurement. The arrows at the top 
indicate the polarization combinations that are available for measurement.
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Figure 3: Polarized Raman spectra of a PLLA fiber. From top to bottom the polarization 
conditions were VV, HH, HV, and VH. These spectra were recorded with an 1800-g/mm grating 
that has significant polarization effects that were eliminated with the use of a scrambler, as 
evidenced by the equivalence of the HV and VH spectra at the bottom of the figure.
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caused by the grating properties. 
This can normally be done by con-
trolling the Raman polarization — 
either keeping it fixed or adding a 
scrambler behind the polarization 
analyzer.

Measurement Protocol
Because the instrument response 
for different polarizations can be 
quite different, it is important to 
fix the sample in a reproducible 
manner, with its axes consistent 
with the instrument axes. Figure 2 
illustrates how we make our mea-
surements.  

Although the polarization direc-
tions are labeled H and V in the 
figure (for horizontal and vertical, 
respectively), it should be pointed 
out that at the microscope stage 
everything is horizontal. H and V 
actually refer to the polarization 
orientation behind the microscope 
and the slit orientation (H or V) 
has to be noted as well. For most 
microscope configurations, H 
will be what we have called EW 
(east-west) and V will be what we 
have called NS (north-south) at 
the sample. To properly predict 
the instrument behavior following 
the grating ref lectivity, it is neces-
sary to know the orientation of 
the grooves. This is easy. For any 
grating-based spectrograph, the 
grooves are parallel to the entrance 
slit. If the instrument has a V slit, 
then E⊥ is H.  

We still need to make contact 
with the fiber characteristics. 
Normally the Raman tensor is de-
scribed in rectilinear coordinates 
(x, y, and z), which is fine when 
one is dealing with single crystals. 
In the case of fibers, there is (at 
least approximately) axial sym-
metry. I have found that the easiest 
way for me to keep track of orien-
tation conditions is to define the 
fiber axis as Z, but then to define 
the two orthogonal axes as R and 
R because the x and y axes will 
occur randomly in the fiber. When 
reading the literature, keep in 
mind that most workers continue 
to use the rectilinear coordinates 

tivity corresponds to E⊥. The most 
important point to notice is that 
the ref lectivity curves for the two 
polarizations from the low groove 
density gratings (300 and 600 g/
mm on top) are almost identical 
over the Raman range indicated 
by the right-pointing arrow color-
coded green to red. However, the 
ref lectivity curves for E⊥ and E || for 

the 1200- and 1800-g/mm gratings 
(second from bottom and bottom) 
are quite different with ratios as 
large as ~3:1 for the 1800-g/mm 
grating at 650 nm. What this means 
is that if the goal is to measure 
orientation effects by measuring 
polarization differences, it is quite 
important to eliminate polariza-
tion artifacts in the measurements 
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Figure 4: Polarized Raman spectra of a Dyneema (high molecular weight, highly oriented 
polyethyelene) fiber oriented in the NS orientation (note that this fiber was not oriented 
according to the protocol noted in the text, but by keeping track of the fiber orientation 
relative to the instrument, the results are still consistent with expectations). From top to 
bottom the polarization conditions are RR, ZZ, and ZR. The arrow indicates the band that is 
maximized in the off-diagonal condition (ZR).
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Figure 5: Polarized spectra (ZZ and RR) of fibers of polyacrylonitrile, polyethylene, and 
polypropylene. To facilitate the evaluation of these results, the ZZ spectra are plotted in a darker 
shade of the color selected for each fiber type.



www.spec t roscopyonl ine .com February 2013   Spectroscopy 28 (2)

rather than the uniaxial ones.  
So, in Figure 2, the fiber axis is 

Z, EW is Z and NS is R. Under most 
conditions we only measure ZZ and 
RR because ZR and RZ tend to be 
weaker and provide less informa-
tion. There are two exceptions:  
• Because the Raman tensor is sym-

metric, the RZ spectrum should be 
exactly the same as the ZR spectrum. 
By making these two measurements 
and determining if they are differ-
ent, you will be able to estimate how 
much polarization artifact is in your 
measurement (hopefully not too 
much). Figure 3 shows the polarized 
spectra of poly(L-lactic acid) (PLLA, 
a biodegradable polymer that is really 
an ester, but with acid end groups) 
and illustrates the equivalence of the 
ZR and RZ spectra. 

• The other exception is that of 
polyethylene. Curiously the 
strongest band in the fingerprint 
region of polyethylene is the 
twisting mode near 1300 cm-1. 
But its symmetry determined  
by the Raman tensor is off-diag-
onal. In highly oriented fibers of 
polyethylene, this band only ap-
pears with reasonable intensity in 
the RZ or ZR configuration.  
Figure 4 shows the polarized 
spectra of a fiber of Dyneema 
(DSM Dyneema), an ultrahigh- 
molecular-weight polyethylene 
(UHMWPE) and illustrates  
this point.

Examples of Fibers Exhibiting 
Polarization–Orientation 
Effects
Polyacrylonitrile, polyethylene, and 
polypropylene — these fibers were 
selected because of their chemical 
similarity. Polypropylene builds on 
polyethylene with the replacement 
of a proton on every other carbon 
atom of the backbone with a propyl 
group. Polyacrylonitrile builds on 
polyethylene by adding a pendant 
nitrile group (-CN) on every 
other carbon atom. Unlike poly-
propylene where the geometry can 
be controlled (isotactic, syndiotac-
tic, and atactic) by controlling the 
catalytic process, that is apparently 

more difficult in the case of polyac-
rylonitrile, which is probably why 
the bands are so much broader. The 
polarized Raman spectra of these 
fibers are shown in Figure 5 where 
the ZZ spectra are displayed in a 
bolder hue of the color selected for 
each species.   

In all cases, there is strong po-
larization dependence in these 
spectra which means that the or-
ganic molecules are well aligned. 
For polypropylene and polyacry-
lonitrile the ZZ spectra tend to 

dominate the RR spectra through-
out the recorded regions. Note that 
for polyethylene the RR spectrum 
has stronger bands in the CH 
region. Interpretation of these re-
sults requires detailed analysis of 
the structure and symmetry of the 
species in these fibers, beyond the 
scope of an article such as this. But 
clearly these spectra all indicate 
significant molecular orientation.

Figure 6 shows polarized spectra 
of a set of three man-made fibers: 
Kevlar (poly-paraphenylene tere-
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Figure 6: Polarized Raman spectra (ZZ and RR) of synthetic textile fibers known for their 
strength. From top to bottom, Kevlar, polyethylene terephthalate, and nylon 6-6.  In each pair, 
the upper trace, displayed in a darker hue, represents the ZZ spectrum, whereas the lower trace 
is the RR spectrum.
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Figure 7: Polarized Raman spectra (from top to bottom) of silk, wool, and cotton, with the ZZ 
component of each pair displayed in a darker hue, above the RR component.
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phthalamide), PET (poly[ethylene 
terephthalate]), and nylon 6-6. 
Kevlar has a yellowish tinge be-
cause of the near-UV electronic 
absorption. Due to this absorption 
the Raman spectrum is strongly 
enhanced; because the  system 
is coincident with the molecu-
lar–fiber axis the spectrum is en-
hanced for light polarized in the 
axis. In the spectra of the nylon, 
most of the bands are more intense 
in the ZZ condition, with the ex-
ception of the amide I band near 
1650 cm-1, which is stronger in the 
RR condition.  

Figure 7 shows the spectra of 
three natural fibers used in tex-
tiles: silk, wool, and cotton. Silk 
and wool are both proteins, but 
the spectra reveal some significant 
differences. The structure of silk is 
mainly  sheet and wool is  helix, 
which refers to the configuration of 
the peptide bond and consequently 
affects the observed frequency shift 
of the amide I band (1665 cm-1 vs. 
1660 cm-1). Wool, like hair, con-
tains L-cystine amino acids that 
can cross-link forming a disulfide 
detected near 500 cm-1. For both, 
the presence of NH groups in the 
protein can be monitored by ob-
serving the broad band near 3290 
cm-1. On the other hand, cotton is 
composed of cellulose whose OH 
stretch can be observed near 3450 
cm-1. In addition, this cotton speci-
men contains titania particles, as 
evidenced by the line near 144 cm-1 
(anatase) added for their brighten-
ing properties.  

Detecting Varying Degrees of 
Orientation and Crystallinity
A study done a while ago on 
spin-oriented fibers of PET, spun 
from the melt at varying take-
up-speeds, indicated that as the 
orientation increased so did 
the polarization behavior of the 
Raman spectrum. In addition, it 

was known that at speeds higher 
than 4000 m/min, crystallization 
began to occur, and this could be 
monitored in the width of the car-
bonyl band near 1728 cm-1. Figure 
8 shows some results from this 
study. 

Summary
The polarized Raman spectra of a 
collection of fibers indicated that 
molecular orientation in fibers is 
an almost universal phenomenon. 
Experimental methods designed  
to produce reliable polarization 
and orientation measurements 
have been described. Raman  
spectra of a series of PET fibers 
spun with increasing take-up-
speed also showed that the degree 
of polarization can be correlated 
with the degree of orientation, 
which makes it possible to use 

Raman to characterize fibrous  
materials.  
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Figure 8: Polarized Raman spectra of PET fibers spun at increasing take-up-speeds, from 
1500 to 5500 m/min (bottom to top). With increasing take-up-speeds, the polarization 
differences increased, and the carbonyl band near 1728 cm-1 sharpened, indicating the 
onset of crystallization. 
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