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Abstract
Recent mechanical studies of ultrafine electrospun polymer nanofibers showed they can
simultaneously possess high strength and toughness attributed to high degree of chain alignment
coupled with low crystallinity. Quantitative analysis of macromolecular alignment in nanofibers
is needed for better understanding of processing/structure/properties relationships and
optimization. However, quantification of structural features in nanofibers with ultrafine
diameters and low variable crystallinity is highly challenging. Here, we show that application of
standard orientation analysis protocols developed for polarized Raman microscopy of bulk
polymers and films can lead to severe errors in subwavelength-diameter samples. A modified
polarized Raman method is proposed and implemented for study of size dependent orientation in
individual nanofibers as small as 140nm. Macromolecular alignment improved significantly with
the reduction of nanofiber diameter, correlating with nanofiber modulus increase. Applicability
of the proposed method for quantitative comparative studies of nanofiber systems fabricated

from solutions with different solvents is demonstrated.
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Introduction

Unusual mechanical behavior and size effects in electrospun polyacrylonitrile (PAN)
nanofibers (NFs) were recently reported by our group.' Simultaneous increases in strength,
modulus, and toughness (as expressed by the area under the stress/strain curve) were observed
with a decrease of the NFs diameter. This highly desirable combination of properties was linked
to improved polymer chain alignment coupled with low and reducing crystallinity in the thinnest
nanofilaments. This unique structure was attributed to peculiarities of the electrospinning
process, in particular to ultrafast solvent evaporation.? Decreasing NF crystallinity for thinner
NFs was experimentally verified on NF mats with different average diameters. Improvement in
macromolecular alignment was postulated based on reduction of NF diameter and was indirectly
supported by improvement in NF modulus. Direct experimental evaluation of chain orientation
in nanofibers could critically enhance our understanding of their mechanical behavior and enable
processing/structure/property optimization. However, such evaluation faces significant
experimental problems.

Traditional methods of evaluating orientation in polymers, such as x-ray diffraction
(XRD) and Fourier transform infrared spectroscopy (FTIR), rely on large quantities of material
to get sufficient signal. In case of NF investigation, mats or bundles have to be used. However,
diameters of electrospun NFs are usually not monodisperse. Under such conditions, the signal
from NF bundle is dominated by thicker nanofilaments and beads, if some are present in the
sample. Examination of individual NFs would allow to overcome this problem. However,
quantitative determination of polymer chain alignment in individual NFs with low crystallinity is
not easy.’ Methods such as electron diffraction (ED) are generally applicable to highly

crystalline materials. In the case of polymers, ED also faces an additional problem of radiation



damage that is difficult to quantify. One of the few tools currently available for macromolecular
orientation quantification in low crystalline or amorphous NF systems is polarized Raman
spectroscopy. Advances in optics and laser technology allow modern Raman microscopes to
investigate small sample volumes with sufficient spatial and spectral resolution, and do not rely
on sample crystallinity to produce the signal.

Application of polarized Raman microscopy to determine polymer chain orientation was
first demonstrated by Bower,*’ and can also be found in Jasse and Koenig.® The complete
experimental and data reduction procedures are complex. They require twelve Raman spectra in
three different laser/sample/detector geometries to fully resolve the orientation functions of
uniaxially oriented systems such as electrospun NFs.” This is generally not possible in Raman
microscopy because it is limited to backscattering geometry. With some assumptions, the
procedure can be reduced to acquisition of four spectra from a single location to obtain different
depolarization ratios for a specific band.® However, data reduction to extract orientation
parameters from these spectra requires either a separate experiment on an isotropic sample of the
same material (usually not available) or a relatively involved probability analysis.”!'? In the past,
a simplified approach requiring only two spectra was used to obtain an indicator of orientation
that was shown to correlate with the orientation function.” In this method, the polarizer and the
analyzer are placed parallel to each other. One spectrum is obtained when they are polarized
parallel to the fiber (VV), and the other when they are polarized perpendicular to the fiber (HH).
The ratio of intensity Ivv/Inn for a specific band is then used as an indicator of orientation
(henceforth this method will be referred to as “simplified” method/analysis).

Here we show that a straightforward application of the traditional polarized Raman

microscopy methods to study macromolecular alignment in individual electrospun NFs can



suffer from significant errors resulting from the need to acquire multiple spectra from the same
location. An alternative method that provides a quantitative indicator of orientation is proposed
and implemented. The orientation indicator is obtained by examining intensity ratio between two
appropriately chosen bands in a single spectrum. A similar method was used in the past on
amorphous systems.®!! Here, we show that it can be modified to account for the effects of
variable NF crystallinity. Applicability of the modified method for quantitative comparative
studies of size effects on macromolecular alignment in individual NFs nanomanufactured from
solutions with different solvents is demonstrated.

Results and Discussion

We evaluated applicability of the simplified method by examining PAN NFs. Polarized
Raman spectra were obtained from individual electrospun nanofibers. The polarization of the
laser and the analyzer were parallel and the orientation of this polarization was changed relative
to the fiber axis (see Fig. 1b). Results were compared to a drop-cast film, which had no preferred
orientation (Fig. 1a).

All spectra exhibited a very strong, sharp band circa 2242 cm™, corresponding to the
nitrile stretching mode in PAN, and several strong overlapping bands in the wavenumber range
2800-3000 cm™!, corresponding to different CH stretching vibrations. Both regions can be used
for orientation studies in PAN. However, the nitrile band is generally preferred because it is
spectrally isolated from other bands.

In the case of the drop cast film (Fig. 1a), as expected, the spectra showed no change for
different polarization orientations. In case of the nanofiber, the spectra were markedly different
for different polarizations (see Fig. 1b). As per description above, this difference should indicate

preferred orientation of the polymer chains within the NF.
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Figure 1: Polarized Raman examination of polymer chain orientation using single band at two
polarizations. (a) Raman spectra of a drop-cast PAN film in two polarization orientations,
showing no preferred orientation; (b) Raman spectra of an individual PAN NF (~300 nm) in two
polarization orientations showing the nitrile band and the CH stretching region, indicating
significant apparent orientation. The inset shows an optical microscope image of the NF and the
respective polarization orientations. The relationship between the respective intensities is
contrary to what is expected based on molecular models of PAN; (c) Raman spectra of a
commercial PAN microfiber (~ 30 pm) in two polarization orientations (orientations are the
same as in (b)). The relationship between the respective intensities is as expected based on
molecular models of PAN and opposite to the one observed in NF.

However, unexpectedly, the Ivv intensity of the nitrile stretching mode was stronger than
the Inn (Ivv/Inr>1). The angle between the nitrile groups and the axis of the molecular helix in
PAN is not constant, but several studies have estimated the average angle to be in the vicinity of
70 degrees.'!* As a result, Ivv/Inu should be smaller than 1 when preferred axial orientation of
the main chain is present. Several NFs with diameters below ~500 nanometers were evaluated,
producing qualitatively similar results. These results were independently replicated in two
laboratories indicating a systematic nature to the artifact.

For comparison, commercial conventional PAN microfiber, Dralon X250 (approximately
30 um in diameter) was also examined. The relation between the intensities in this case was as
expected from the molecular structure of PAN —i.e. Ivv/Inu<l (see Fig. Ic).

Analysis of the above results indicates that the method based on two polarized spectra
obtained from individual NFs with submicron diameters contains significant errors. The sources

of these errors may be instrumental in nature. These include polarization dependent response of



the grating spectrograph, which is responsible for a spectral separation of the Raman signal, and
a slight drift in focus distance due to mechanical switching between polarizations. The latter
source can be exacerbated by limitations of the vertical step of the Raman microscope stage,
which is comparable in magnitude to NF diameter in the diameter region of the highest interest.
Additional potential sources of errors stem from peculiarities of light-matter interaction with the
subwavelength-diameter one-dimensional cylindrical samples. The combined effect of these
artifacts can lead to different reflectance of the NF when the light is polarized parallel and
perpendicular to the fiber. These problems are negligible for large samples, such as the drop-cast
film and the examined 30-micrometer commercial PAN fiber, but become acute when NFs with
sub-wavelength diameters are analyzed. Consequently, they can lead to quantitatively and even
qualitatively erroneous results. Note that these artifacts will be present or even exacerbated in the
comprehensive polarized Raman analysis of orientation in nanofibers as well.

An alternative method to evaluate polymer chain orientation can be proposed. This
method examines intensity ratio between two appropriately chosen bands under a single
polarization combination. The two chosen bands should be differently polarized, i.e. their
polarization should be at different angles with respect to the main chain axis (in the optimal case,
one band will be polarized parallel and the other perpendicular to the main chain). As a result,
when macromolecular orientation changes, the ratio of intensities between these bands changes
as well (increasing or decreasing depending on the relative orientation of the fiber and the
polarizer/analyzer). Both the VV and HH polarization orientations can be used. The choice of
orientation should reflect maximization of the band intensity ratio to accentuate changes. The
intensity ratio provides a quantitative indicator of macromolecular alignment. This method was

recently demonstrated on amorphous fibers.*!! Since this method relies on measurements under a



single polarization combination, it avoids the polarization switching-related errors discussed
above. In the case of samples with variable crystallinity, such as PAN NFs, a correction for the
effects of changing crystallinity, which can also influence the intensity ratio for the selected
bands, needs to be introduced.

From Huang and Koenig’s work'# the band circa 1355 cm™ is polarized parallel to the
main chain in PAN. The nitrile band is polarized close to perpendicular to the backbone chain.
These two bands and their relative intensities are shown in Figure 2a. Since the nitrile band is
significantly stronger, VV polarization was chosen for the experiments to maximize the
L13s5/Initrile ratio. With this geometry, an increase in orientation should lead to an increase of the
1355 cm™! band and a decrease of the nitrile stretching band. An increase of the band ratio is
therefore indicative of higher orientation.

Samples of individual PAN NFs in the 140-1000 nanometer diameter range were
fabricated by electrospinning from solutions of PAN in dimethylformamide (DMF). Raman
spectra were recorded for individual NFs under VV polarization orientation. Areas of the peaks
were extracted, and the ratio 13ss/Initrile Was calculated for each spectrum (see additional
experimental information in the Methods section). A significant increase in the I1355/Initrile ratio
was observed with the decrease in NF diameter below 500 nm (Fig. 2b), indicating improved
chain orientation in finer NFs.

As mentioned above, changes in crystallinity can also have an effect on Raman
spectra.’>! The intensity and the position of Raman bands depend on the local environment (i.e.
proximity of other groups, angles between the different bonds etc.). Higher crystallinity leads to
a more uniform environment, and, as a result, to narrower bands (band broadening is the result,

in part, of frequency shifts due to different environments present). In addition, crystalline phases



can sometimes be associated with specific macromolecular conformations. This leads to changes

in band intensity ratios for different conformations, when crystallinity changes.
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Figure 2: Polarized Raman analysis of polymer chain orientation in individual NFs with low
variable crystallinity using two bands intensity ratio at single polarization combination. (a)
Raman bands used to calculate intensity ratio as a measure of polymer chain orientation; (b) Size
effects in the Raman band intensity ratio measured for individual nanofibers of different
diameters, compared to the ratios for the as-drop-cast (green line) and annealed (orange line)
PAN films; (c) Comparison of the extracted XRD crystallinity for NFs with different average
diameters to the as-cast and annealed films ; (d) Size effect in the I1355/Initrile Raman band
intensity ratio after correction for the effect of crystallinity. The line for the drop-cast film

represents a system with no preferred orientation. The error bars in panels b and d correspond to
standard deviation in the measured NF diameter.

The effect of crystallinity on the I1355/Initrie Raman intensity ratio was examined on films

with no preferred polymer chain orientation. Drop-cast film samples were prepared and dried at
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60°C (below the glass transition temperature of PAN). To increase film crystallinity, samples
were then annealed above the glass transition at 150°C.

Polymer crystallinity in the films and fiber mats was evaluated by XRD, following the
protocol described previously.! The extracted crystallinity is shown in Figure 2c. Annealing
resulted in significant increase in film crystallinity. Interestingly, crystallinity of the as-cast film
was smaller than the crystallinity for NF mats with smallest average diameters. Normally, slower
solvent evaporation in the films should have resulted in higher crystallinity. One possible reason
for the higher crystallinity in NFs can be the presence of macromolecular alignment, which is not
present in films. Such alignment allows for some crystallization even in the face of fast solvent
evaporation from electrospun jets. The crystallinity in the annealed film was higher than that for
the electrospun mats with the large average NF diameters.

Raman spectra for the films were recorded and the I135s5/Initile ratios were calculated. The
ratio for the annealed film was higher than that for the as-cast film (see yellow and green lines in
Fig. 2b) even though both films were isotropic. This result indicates that an increase in
crystallinity leads to an increase in the l13ss5/Inirile band intensity ratio in addition to the effect of
orientation.

As can be seen in Figure 2c¢, decrease in NF diameter led to decrease in NF crystallinity.
Based on the examination of PAN films, this decrease should result in a decrease in the observed
L1355/Initrile Raman intensity ratio for smaller NF diameters. Thus, decreasing crystallinity and
improved orientation have opposite effects on the I13ss/Inirile ratio so that the effect of diameter on
orientation is underestimated in Figure 2b.

Data on unoriented films with different degrees of crystallinity were used to account for

the effect of variable crystallinity on the Raman intensity ratio in NFs. The crystallinity of as-cast
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and annealed films in this study covered the range of crystallinity in NF mats. Linear relationship
between the crystallinity and the crystallinity-related changes in the band intensity ratio was
assumed. Crystallinity of individual NFs was approximated from experimental data represented
by the dashed line in Figure 2c. Correction to the I13ss/Initrile ratio observed in NFs was calculated.

Figure 2d shows the variation of the two-band intensity ratio after correction for
crystallinity. This corrected ratio represents intensity variation caused by changes in the degree
of preferred chain orientation in nanofibers of different diameters. Scatter in the results was
relatively high. Such scatter is often observed in experimental studies of nanoscale objects and
individual fibers. One possible source of scatter in this work is the error in nanofiber diameter
measurement. Although we attempted to accurately measure the NF diameter using markers,
some uncertainty still remains. In addition, electrospinning is an instability-driven process, which
can result in additional variation in structure and properties of electrospun NFs. However,
despite the scatter, general trend in the Raman intensity ratio as a function of NF diameter is still
readily apparent, showing significant increases for fine nanofilaments. It is important to note that
the crystallinity of NF samples with larger diameters was still below that of the annealed film.
Nevertheless, the l13s55/Initrile ratio for these fibers was slightly larger than the one for the film (see
Fig. 2b). This indicates presence of some preferred polymer chain orientation even in thick
nanofibers. The orientation increased rapidly with the reduction of NF diameter below 500nm
(see Fig. 2d).This size effect in polymer chain orientation correlated well with the increases in
NF modulus observed in our previous work.!

Note, that the effect of crystallinity for this polymer system diminishes for small NF
diameters. The crystallinity for NF samples with finest average diameters approached that of the

as-cast film (see Fig. 2c). The diameters in the NF mats were not monodisperse. This means that
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the crystallinity in the smallest NFs within the mats was even closer to that of the drop cast film
(or possibly even below). This range of NF diameters (<250 nm) corresponds to the smallest
individual NFs examined by Raman (see Fig. 2). As a result, significant increases in the
L13s5/Initrile ratio, observed for ultrafine NFs, indicate dramatic improvements in polymer chain
alignment in ultrafine NFs.

In most previous studies of orientation in polymer NFs, only modest, gradual increase
was demonstrated with the decrease in NF diameter (see e.g.??). This is most likely due to the
fact that polydisperse NF bundles were analyzed. However, examination of the Raman intensity
ratio obtained from experiments on individual nanofibers in Fig. 2d shows a sharp dependence
on NF diameter. The ratio increased approximately eight-fold for NF diameter decrease from
~500 nanometers to ~140 nanometers. The observed significant increase in the [13s5s/Initrile ratio is
especially impressive given the fact that the nitrile group is not fully perpendicular to the main
chain. This fact reduces the changes in the i35s5/Initrile ratio with the improved chain orientation.

Note that the smallest diameter (~140 nanometers) was approximately four and a half
times smaller than the laser wavelength (633 nanometers). To our knowledge, this is the thinnest
individual NF examined by polarized Raman to date. This diameter is within the range of
diameters of nanofibers exhibiting simultaneously ultrahigh strength, modulus, and toughness
(<250 nm).! Therefore, the proposed protocol is expected to be of value for the analysis of
mechanisms and for mechanical properties improvement through polymer structure control
during nanomanufacturing.

Finally, we evaluated applicability of the proposed polarized Raman analysis for
comparative studies of size effects on chain orientation in different NF systems. A new PAN NF

family was fabricated, using a different solvent (dimethylacetamide — DMAc). Changes in
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solvent can affect the drawability of the system because of difference in evaporation rate,
solution viscosity, etc. As a result, they can produce different degrees of macromolecular
alignment and crystallinity in the resulting NFs. Polymer chain orientation in the new NF family
was examined on individual nanofibers and compared to the orientation in NFs produced from
PAN/DMF solutions (see Fig. 3). The dashed lines in Figures 3a, b correspond to exponential fits

of the form in equation 1:
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Figure 3: Comparison of size effects in polymer chain orientation in individual NFs from two
NF families electrospun from PAN solutions in (a) DMF and (b) DMAc. Dashed lines in both
panels correspond to an exponential fit.

Analysis of results shows that both families have similar degrees of macromolecular
alignment at large NF diameters (above 600 nm). The size effect in the degree of preferred
orientation for the DM Ac-spun NFs is stronger and the improvement in macromolecular
alignment with diameter decrease starts at larger NF diameters. It should be noted that because
the nitrile group is not perfectly perpendicular to the backbone polymer chain, even small

changes in the I1355/Initrile are likely to indicate significant improvements in the degree of
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macromolecular alignment. Based on these results, one can expect higher modulus and, possibly,
other mechanical properties in DMAc-spun PAN nanofibers with diameters finer than 500 nm.
Mechanical evaluation and a more detailed structural analysis of the two nanofiber families are
in progress and the results will be reported elsewhere.

Conclusions

Electrospun NFs have recently demonstrated unique mechanical properties.
Quantification of the degree of macromolecular alignment is crucial for understanding these
mechanical properties, materials screening, and for properties optimization. Polymer chain
orientation in individual NFs was examined using polarized Raman spectroscopy. Results from
conventional polarized Raman analysis exhibited significant errors that were linked to the
acquisition of multiple spectra under different polarizations from NFs with ultrafine (sub-
wavelength) diameters. A modified method that relies on an intensity ratio under a single
polarization combination was proposed and implemented. Correction for the effect of variable
NF crystallinity was introduced for the first time. The proposed method successfully overcomes
the artifacts related to the small sample size, which were observed in methods requiring multiple
spectra acquisition. An indicator of polymer chain orientation in individual NFs in a broad
diameter range of 140-1000 nanometers was successfully obtained and analyzed. Significant
improvements in macromolecular alignment with reduction of NF diameter were experimentally
demonstrated for the first time in the ultrafine (<500 nm) diameter range. Applicability of the
proposed method for comparative analysis of size effects in the degree of macromolecular
alignment was successfully demonstrated on two PAN NF families nanofabricated using

different solvents. Good correlation between the obtained orientation indicator and previously
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measured mechanical properties indicates the suitability of the proposed method for comparative
and optimization studies of ultrastrong/tough fine NFs with low and variable crystallinity.

Methods

Nanomanufacturing

The nanomanufacturing process followed the protocols described in ref.! NFs from the
two solvent systems (DMF and DMAc) were electrospun from a range of 8-12 wt% PAN (Pfaltz
and Bauer, Inc.; MW 150,000) in solvent (Sigma-Aldrich), at 12 kV operating voltage, from a 20
cm spinneret/collector distance, using a 0.6 ml/h feed rate, and a 20 ga needle.

X-ray Structural Analysis

NF and film crystallinity were evaluated following protocols from ref.! Nanofiber mats
were electrospun for structural analysis onto an aluminum substrate. Wide-angle XRD analysis
was performed using a Rigaku Multiflex x-ray diffractometer with Cu Ka radiation in the range
of 20 between 10 and 50 degrees. The background was removed and the crystalline peak (or
peaks in the case of annealed samples) and the amorphous halo were fitted using Lorentzian peak
shapes. Crystallinity was calculated by dividing the area under the crystalline peaks by the total
area.

Polarized Raman Spectroscopy

The examination was performed using HORIBA LabRam Evolution Raman microscope
system with 633 nm laser as the excitation source and 600 I/mm grating.

Individual PAN NFs in the 140-1000 nanometer diameter range were electrospun from
solutions of PAN and mounted on a microscope slide covered with aluminum foil. Prior to
sample placement, a line grid was drawn on the sample to create reference points at grid

intersections. Focusing was performed first optically under X100 magnification, and then by
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maximizing the nitrile band intensity. Raman spectrum was recorded for NFs under VV
polarization. Several spectra were discarded due to the loss of signal or focus as a result of NF
movement observed during the experiment. The two peaks in the spectrum were fitted by a
combined Lorentzian-Gaussian shape, using LabSpec6 Raman analysis software. Areas of the
peaks were extracted, and the ratio I135s/Inivile Was calculated for each spectrum. Locations of the
spectrum collection were marked by measuring their distance from the reference points.

Subsequently these locations were examined in an SEM to accurately measure the NF diameter.

Acknowledgements: This work was supported in part by the grants from ONR
(N000141410663), NSF (DMR-1310534, CMMI-1463636), NIH (1R0O1HL125736-01), and the
Natural Sciences and Engineering Council (NSERC) of Canada. The authors thank Joel Brehm

for his help with creating the ToC figure.

References

(1)  Papkov, D.; Zou, Y.; Andalib, M. N.; Goponenko, A.; Cheng, S. Z. D.; Dzenis, Y. A.
Simultaneously Strong and Tough Ultrafine Continuous Nanofibers. ACS Nano 2013, 7
(4), 3324-3331.

(2)  Wu, X.-F.; Salkovskiy, Y.; Dzenis, Y. A. Modeling of Solvent Evaporation from Polymer
Jets in Electrospinning. Appl. Phys. Lett. 2011, 98 (22), 223108.

(3) Richard-Lacroix, M.; Pellerin, C. Molecular Orientation in Electrospun Fibers: From Mats
to Single Fibers. Macromolecules 2013, 46 (24), 9473-9493.

(4) Bower, D. I. Investigation of Molecular Orientation Distributions by Polarized Raman
Scattering and Polarized Fluorescence. J. Polym. Sci. Polym. Phys. Ed. 1972, 10 (11),
2135-2153.

(5) Bower, D. I. Raman Scattering from an Assembly of Partially Oriented Scatterers. J. Phys.
B At. Mol. Phys. 1976, 9 (18), 3275-3293.

(6) Jasse, B.; Koenig, J. L. Orientational Measurements in Polymers Using Vibrational
Spectroscopy; 1979; Vol. 17.

(7)  Frisk, S.; Ikeda, R. M.; Chase, D. B.; Rabolt, J. F. Determination of the Molecular
Orientation of Poly(propylene Terephthalate) Fibers Using Polarized Raman
Spectroscopy: A Comparison of Methods. Appl. Spectrosc. 2004, 58 (3), 279-286.



®)

©)

(10)

(11)

(12)

(13)
(14)

(15)

(16)

(17)

(18)

(19)

(20)

1)

(22)

17

Richard-Lacroix, M.; Pellerin, C. Orientation and Structure of Single Electrospun
Nanofibers of Poly(ethylene Terephthalate) by Confocal Raman Spectroscopy.
Macromolecules 2012, 45 (4), 1946—1953.

Richard-Lacroix, M.; Pellerin, C. Accurate New Method for Molecular Orientation

Quantification Using Polarized Raman Spectroscopy. Macromolecules 2013, 46 (14),
5561-5569.

Richard-Lacroix, M.; Pellerin, C. Novel Method for Quantifying Molecular Orientation by
Polarized Raman Spectroscopy: A Comparative Simulations Study. Appl. Spectrosc. 2013,
67 (4), 409-419.

Richard-Lacroix, M.; Pellerin, C. Orientation and Partial Disentanglement in Individual
Electrospun Fibers: Diameter Dependence and Correlation with Mechanical Properties.
Macromolecules 2015, 48 (13), 4511-4519.

Litovchenko, G. D. Infrared Dichroism of the Band of Valence Vibrations of the C? N
Bonds in Polyacrylonitrile Fibers. J. Appl. Spectrosc. 1973, 18 (6), 781-783.

Bashir, Z.; Tipping, A. R.; Church, S. P. Orientation Studies in Polyacrylonitrile Films
Uniaxially Drawn in the Solid State. Polym. Int. 1994, 33 (1), 9—17.

Huang, Y. S.; Koenig, J. L. Raman Spectra of Polyacrylonitrile. Appl. Spectrosc. 1971, 25
(6), 620-622.

Lewis, 1. R.; Edwards, H. Handbook of Raman Spectroscopy: From the Research
Laboratory to the Process Line; CRC Press, 2001.

Louden, J. D. Crystallinity in Poly(aryl Ether Ketone) Films Studied by Raman
Spectroscopy. Polym. Commun. 1986, 27, 82—84.

Everall, N. J.; Lumsdon, J.; Chalmers, J. M.; Mason, N. The Use of Polarised Fourier
Transform Raman Spectroscopy in Morphological Studies of Uniaxially Oriented PEEK

Fibres—some Preliminary Results. Spectrochim. Acta Part A Mol. Spectrosc. 1991, 47 (9—
10), 1305-1311.

Adar, F.; Noether, H. Raman Microprobe Spectra of Spin-Oriented and Drawn Filaments
of Poly(ethylene Terephthalate). Polymer (Guildf). 1985, 26 (13), 1935-1943.

Bulkin, B. J.; Lewin, M.; DeBlase, F. J. Conformational Change, Chain Orientation, and
Crystallinity in Poly(ethylene Terephthalate) Yarns: Raman Spectroscopic Study.
Macromolecules 1985, 18 (12), 2587-2594.

Natarajan, S.; Michielsen, S. Determination of Density and Birefringence of Poly(ethylene
Terephthalate) Fibers Using Raman Microscopy. J. Appl. Polym. Sci. 1999, 73 (6), 943—
952.

Schmidt, P.; Hendra, P. J. The Application of Fourier-Transform Raman Spectroscopy to
the Determination of Conformation in Poly(e-Caprolactam) Chains. Spectrochim. Acta
Part A Mol. Spectrosc. 1994, 50 (11), 1999-2004.

Arinstein, A.; Burman, M.; Gendelman, O.; Zussman, E. Effect of Supramolecular
Structure on Polymer Nanofibre Elasticity. Nat Nano 2007, 2 (1), 59-62.



