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ABSTRACT: A set of fibers, mainly synthetic, has been examined
by Raman microprobe spectroscopy. It was found that high quality
spectra, requiring no sample preparation, are easy to obtain and that
fibers with different molecular structure have very different Raman
spectra. Fluorescence was occasionally a problem with excitation
at 632.8 nm, but could be significantly reduced by using a semicon-
ductor laser emitting at 780 nm. Fibers of the same polymer type
from different manufacturers have Raman spectra which are only
slightly different but which could be distinguished by the multivari-
ate statistical technique of principal components analysis (PCA).
Dyed fibers gave spectra with bands due to the polymer, but also
with intense bands due to the dye, because of the high Raman cross-
section of dye molecules. Extraction of the dye, followed by a spec-
tral subtraction procedure allowed separate spectra of the polymer
and the dye to be obtained.
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The characterization of fibers, both natural and synthetic, is a
significant aspect of the forensic analysis of physical evidence
(1,2). A wide range of techniques may be used to examine fibers,
but in recent years the technique of vibrational spectroscopy, in
the form of infrared spectroscopy, has become important. The
availability of Fourier transform infrared (FT-IR) spectrometers,
which utilize aninterferometer in place of thetraditional diffraction
grating, has increased the speed and sensitivity of the infrared
method. In particular, the improved sensitivity of FT-IR spectrom-
eters has allowed the devel opment of FT-IR microscopes (3) which
have proven to be very useful in forensic science in general and
especialy for the examination of fibers (4—12). Infrared spectros-
copy has the capability to fingerprint the molecular structure of
the fiber giving information which would not be available by other
techniques. Fibers may be readily classified according to structural
type.

However, there are some difficulties associated with infrared
microspectroscopy of fibers. Fibers thicker than about 30 wm may
be totally absorbing in al or part of the spectrum. Additionally,
the generally circular section of many fibers has a lensing effect
which refracts some of the light and severely reduces the quality
of the spectrum by decreasing the signal-to-noise ratio. For these
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reasons, fiber samples are usualy prepared for infrared micro-
scopic examination by rolling flat (6,8,9,11) or by flattening under
high pressure in a diamond anvil cell (4,5). Apart from the time
involved, both these methods have a tendency to destroy the mor-
phology of the fiber and it is possible that subtle information may
be lost.

Whileinfrared spectroscopy hasfound considerable usefor fiber
characterization, the alternate vibrational spectroscopic technique,
Raman spectroscopy, hasbeen little used. There are several reasons
for this: the Raman effect is very weak and very sensitive, expen-
sive equipment is required to measure the spectrum; many samples
fluoresce under laser irradiation and the weak Raman signal may
be swamped; many samples photodegrade when subjected to laser
irradiation. In recent years advances in instrumentation have made
Raman spectroscopy more attractive for analytical use. The devel-
opment of Fourier transform (FT) Raman spectroscopy (13,14)
which usesan FT-IR spectrometer and anear-infrared laser leading
toasubstantial reductionin fluorescence, has made Raman applica-
bleto amuch wider range of sample types. Another recent advance
has been in Raman microprobe spectroscopy (15,16) and the devel-
opment of benchtop Raman microprobe spectrometers has the po-
tential to contribute to many areas of analytical science.

There have been a number of previous reports of the use of
Raman spectroscopy in the study of fibers (9,10,15,16). Severa
of these reports are relevant to the use of the Raman technique in
forensic science. Lang et a. (9) studied the Raman microscopy of
some polyester fibers and a polyacrylonitrile fiber using excitation
at both 514.5 and 476.5 nm. They concluded that although only a
very small sample was required and sample preparation was mini-
mal, the technique was limited by fluorescence. The work of Bouf-
fard et a. (10) was limited to the identification and quantitation
of pigment additives in polypropylene fibers using a benchtop mi-
croprobe spectrometer equipped with a helium-neon laser emitting
at 632.8 nm. They found Raman microscopy to be useful for this
purpose, but found some limitations because of fluorescence and
sampl e heating. Bourgeoisand Church (17) found that macroscopic
FT-Raman with near-infrared excitation at 1064 nm was capable
of recording spectra of dyed acrylic fibers, showing bands due to
both the fiber matrix and the dye. Spectral subtraction techniques
allowed the spectrum of the dyeto beisolated. The long excitation
wavelength did not induce fluorescence in these fibers. Jurdana et
al. (18) demonstrated that spectra of wool fibers can be obtained
with a Raman microprobe spectrometer using an exciting line at
514.5 nm. They also studied human hair but were only able to
obtain spectraof white/gray hair because of immediate photodegra-
dation of dark hair.

Previous work described above has demonstrated that Raman
microprobe spectroscopy may be useful for fiber characterization
but no comprehensive study has been reported. This paper de-
scribes the application of Raman microprobe spectroscopy to the
forensic characterization of fibers.



M ethods
Samples

Reference fibers were obtained from the Collaborative Testing
Service (CTS) 1987 Reference Collection of synthetic fibers (SF-
3). Inthisreport samples have been |abeled with their CTS number.
Thewool samplewas commercially scoured Australian merino top
of mean fiber diameter 22 pm. The blue-dyed fiber was Item 2 of
the CTS Proficiency Testing Program #9607. The two red-dyed
polyester fibers were from commercia textiles obtained from a
retail outlet.

Raman Spectroscopy

Raman spectra, in the range 3700-200 cm~? of Raman shift,
were obtained on a Renishaw Model 1000 microprobe spectrome-
ter. The main elements of the spectrometer are an Olympus micro-
scope to visualize the sample, and to direct the exciting light onto
the sample and collect the scattered light, an optical filter toremove
the Rayleigh line, a single diffraction grating, and an electricaly
cooled CCD camera to detect the Raman signal. The microscope
is equipped with three interchangeabl e objective lenses with mag-
nifications of 50, 20 and 10, respectively. Typicaly the 50 times
objective was used giving a theoretical spot size on the sample of
0.8 wm diameter. Two lasers were available: a Spectra-Physics
Model 127 helium-neon (HeNe) laser emitting at 632.8 nm, and
a Renishaw semiconductor laser emitting at about 780 nm. Both
lasers produced a maximum laser power of about 20 mW at the
sample. Measurement times were generally in the range 1-10 s.
For a small number of fluorescent samples, the sample was |eft
under laser illumination for about 5 min before data collection was
initiated. Samples were presented to the spectrometer by taping
short lengths, about 1 cm, onto a glass slide or metal plate which
was then placed on the stage of the Raman microscope.

Data manipulation, plotting etc. was carried out using the soft-
ware package GRAMS32 (Galactic Corp, Salem, New Hamp-
shire). Principal components analysis (PCA) was carried out with
the software package PLS-1Q (Galactic Corp, Salem, New Hamp-
shire). Pre-treatment of data for PCA included mean-centering,
normalization, and automatic baseline correction. PCA was per-
formed using the cross-validation option.

Results and Discussion
Fibers of Different Molecular Sructure

Figure 1 shows a series of Raman spectra, obtained using the
HeNe laser, of a range of different types of fibers, both synthetic
and natural. It can be seen that each fiber type has a distinctive
spectrum which would serve to readily distinguish it from any
other fiber type. For the synthetic fibers the measurement time to
collect a high quality spectrum wasin the range 1-10 s. Wool and
rayon were much weaker Raman scatterers and a longer measure-
ment time of about 1 min was required. The spectra show some
similaritieswith infrared spectra of the same fiber types. For exam-
ple, polyester fibers show an ester C=0 stretching band near 1700
cm~2, while wool and nylon show the amide C=0 stretch near
1650 cm™1. However, one significant difference between infrared
and Raman is that vibrations of polar groups such as O—H tend
to be very weak in the Raman and strong in the infrared. Hence
the Raman spectra of wool and rayon are not dominated by O—H
bands as their infrared spectra are. Another point to note is that
Raman spectra, in comparison with infrared, tend to have fewer
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FIG. 1—Raman microprobe spectra of a range of fiber types using
excitation at 632.8 nm. (A) rayon; (B) polypropylene; (C) wool; (D) polyes-
ter; (E) nylon.

bands which are sharper and less overlapped. It is therefore some-
what easier to distinguish between Raman spectra derived from
different sample types.

Collection of the spectra shown in Fig. 1 was extremely simple
and very fast. In contrast to the currently used infrared method,
no sample preparation was required. Fibers were merely taped to
a glass dide or a small metal plate, placed on the stage of the
Raman microscope and brought into focus visualy. Laser light
was then alowed to fall on the sample and a spectrum collected,
often in a matter of seconds. In this work fiber lengths of about
1 cm were used, but as the laser spot size was very small, it would
have been possible to use very much shorter lengths of fiber. None
of the samples showed any visible damage from irradiation by the
HeNe laser and the spectra did not change, except for fluorescence
reduction, when the sample was irradiated for longer times.

Fluorescence

Previous reports (9,10) show that fluorescence is a significant
problem and can swamp the Raman signal. In thiswork most sam-
plesfrom the CTS Reference Collection showed little fluorescence.
Sometimes a broad fluorescence background could be seen in the
spectrum, but the Raman spectrum was usually clearly visible
above the background. Often, the fluorescence would diminish as
data collection proceeded. This phenomenon is well-known and is
caused by the photodegradation of the fluorescing species. Only
for a few samples was there significant fluorescence which
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swamped the Raman spectrum. Figure 2 shows the Raman spec-
trum, in the range 1800-300 cm~1 Raman shift, of a polypropylene
fiber collected with excitation from a HeNe laser emitting at a
wavelength of 632.8 nm. A substantial fluorescence band can be
seen with a maximum around 1250 cm™?, and the Raman bands
of the polypropylene are present but quite weak. Figure 2 also
shows the Raman spectrum of the same polypropylene sample
collected with excitation at a wavelength of 780 nm from the semi-
conductor laser. In this case the fluorescence background is much
weaker and the Raman bands of polypropylene are clearly visible.
In moving the excitation from 632.8 nm to 780 nm the energy of the
exciting light isreduced and can no longer generate fluorescencein
this sample to the same degree. Fluorescence would be further
reduced with a even longer wavelength such as the 1064 nm used
in FT-Raman. However, this wavelength would not be compatible
with the CCD cameraand it would not be possibleto measure much
of the normal spectral range. 780 nm excitation allows Raman data
to be collected in the spectral region 200—around 3000 cm™1,
although the bands near 3000 cm™* such as C—H stretching bands,
are much reduced in intensity because of the poor detector charac-
teristics at this wavelength. Despite this, 780 nm excitation does
represent auseful compromise between fluorescence reduction and
compatibility with the CCD camera. In our work, very few samples
were found to fluoresce with 780 nm excitation, and we suggest
that this would be the excitation wavelength of choice for forensic
applications.
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FIG. 2—Raman microprobe spectra of a polypropylene fiber showing
fluorescence reduction with longer wavelength excitation light. (A) 632.8
nm excitation; (B) 780 nm excitation.

A further disadvantage of excitation at longer wavelengths is
that the intensity of Raman scattering is inversely related to the
fourth power of the exciting wavelength. Hence, when 780 nm
excitation is used in place of 632.8 nm, the intensity of Raman
scattering will be reduced by (632.8/780)%, i.e., a factor of 2.3
However, this deficiency is readily compensated for by a small
increase in the measure time, which in most cases would still re-
main in the range 2—10 s.

Fibers of Smilar Molecular Structure: Polyesters

One of theimportant factorsin forensic analysisisthe capability
to distinguish between different, but ssimilar samples. To investi-
gate this aspect of Raman microspectroscopy, spectra of four sam-
ples of polyester fibers, from different manufacturers, were com-
pared. The generic description “polyester” usualy refers to fibers
of the polymer poly(ethylene terephthalate). Figure 3 shows the
spectra which can be seen to be very similar. However, there are
differences in the relative intensities of bands particularly near
1100 and 350 cm™2. In order to highlight these differences the
technique of principal components analysis (PCA) was employed.
PCA is a multivariate statistical technique (19,20) which reduces
a data set of (for example) spectra by calculating a common set
of factors, alinear combination of which will regenerate the origi-
nal data. By allowing for the noise in the spectra, a fewer number
of factors is required to fit the data than there were spectrain the
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FIG. 3—Raman microprobe spectra (632.8 nm excitation) of a set of
polyester fibers from different manufacturers. (A) Allied (AO196); (B)
Firestone Fibers (AO421); (C) Hoechst (AO243); (D) Tolaram (AO333).



data set. The coefficients required for the linear combination of
factors in order to reproduce a particular spectrum are known as
its “scores.” Spectra may therefore be more easily compared by
examination of PCA scores, which form a much reduced data set,
rather than the origina spectral data.

For the polyester fibers, the spectral data set consisted of 4 mea-
surements each of four samples. Each measurement was made at
adifferent point on the fiber. PCA was carried out on this data set
and a scores plot for Factor 1 vs Factor 2 for each of the spectra
in the data set is shown as Fig. 4. Clearly, the spectra fal into
four distinct groups indicating that there are real and reproducible
spectral differences between each group. The spread within each
group is a measure of the reproducibility of the Raman spectrum
of that particular sample. The Raman spectra of the four polyester
fibers are therefore reproducibly different. A benefit of the PCA
approach, particularly applicable to forensic analysis, is that the
spectrum of an unknown sample of one of thefour polyesters, could
be subjected to the same PCA model and its scores calculated. It
could then be plotted in the same way and would be seen to belong
unequivocaly to one of the four groups. While PCA is a very
powerful comparative tool, it does not eliminate the need for a
forensic scientist to make direct physical comparison of the spectra.

Fibers of Smilar Molecular Sructure: Polyamides (Nylons)

The polyamides, known commercially as nylons, are an impor-
tant group of fibers with many uses in textiles, furnishings, ropes
etc. A range of different molecular structures is possible. Self-
condensation of an w-amino acid leadsto arange of “single number
nylons” which, in practice, have carbon chain lengthsin the range
3-11. Perhaps the most common structure of the single number
nylons is nylon-6. Condensation of a diamine with a diacid gives
a range of possible structures known as the “double number ny-
lons,” for example nylon-6,6. Like many commercial polymers
nylons have a tendency to fluoresce under laser illumination and
they have therefore been difficult to study by Raman spectroscopy.
However, recently systematic studies of both single number and
double number nylons by FT-Raman spectroscopy have been re-
ported (21,22). These authors have found that Raman spectra of
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FIG. 4—A principal components analysis (PCA) scores plot for the
spectra of the polyester fibers shown in Fig. 3. Repeat spectra for each
sample are circled.
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nylons can be acquired routinely with near-infrared excitation
without interference from fluorescence, and that the technique is
useful to distinguish many of the different nylon structures.
Figure 5 shows a series of Raman microprobe spectra, taken
with 632.8 nm excitation, of nylon fibersfrom the CTSfiber collec-
tion. An expansion of the spectrain the region 1700-500 cm™1! is
given in Fig. 6. The spectra are broadly similar and show the
expected features of polyamide spectra such as the N-H stretch at
3300 cm™?, and the amide C=0 stretch near 1650 cm~?. The
spectraare also similar to the previously reported FT-Raman spec-
tra of nylons (21,22), but not identical as there are considerable
differencesin band intensities. Careful examination of Fig. 5 shows
that there are many small differences between the spectra which
could be used to distinguish between the different fibers. For exam-
ple, the exact position of the band near 940 cm™~* (assigned to the
C—CO stretching mode) varies from 929 cm~* for nylon-6, 953
cm~* for nylon-6,6, to 946 cm~* for the nylon-6,12 fiber. Simi-
larly, the position of the amide C=0 stretching band also varies
from 1636 to 1641 cm~* among these spectra. There are also many
variationsin band intensities. Clearly, Raman microprobe spectros-
copy has demonstrated a similar ability to distinguish between
nylon structuresin fibers aswas previously reported for FT-Raman
spectroscopy (21,22) of nylon pellets and films. The advantage of
the microprobeisthat small fiber samples, commonly encountered
in forensic casework, require no special mounting techniques, are
non-destructively analyzed, are easier to handle, and that high qual-
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FIG. 5—Raman microprobe spectra (632.8 nm excitation) of a set of
nylon fibers of different molecular structure. (A) nylon-6,12 (AO464); (B)
nylon-6,11 (AO302); (C) nylon-6,6 (AO330); (D) nylon-6 (AO208).
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FIG. 6—As for Fig. 5 but showing an expanded spectral region 1700-
500 cm™,

ity spectra are obtained in a matter of seconds. Figure 5 shows
that fluorescenceis not a problem with these fibers despite the fact
that the excitation was in the visible region of the spectrum.
When the nylon fibers are of the same structural type, the Raman
spectra are expected to be much more similar. Figure 7 shows a
suite of 4 samples of nylon-6 fibers each produced by a different
manufacturer. Only very minor differencesin peak width and inten-
sity can be seen between the spectra, which are more similar than
those shown above for polyester fibers (Fig. 3). Principal compo-
nents analysis (PCA) was applied to these spectra in the same
manner as the polyester fibers and a scores plot is shown as Fig.
8. Repeat spectra, taken at different points on each fiber sample,
are grouped close together on the scores plot showing that the
spectra are reproducible. The groups of spectra for each of the
different nylon samples are well separated indicating that each
sample has a distinctly different spectrum. Again, the capability
of the PCA technique to distinguish between similar spectra is
demonstrated. This is made possible because the Raman micro-
probe spectra are very reproducible which is probably due to the
minimal sample preparation necessary to obtain the spectra.

Dyed Fibers

All fibers previoudly discussed were taken from the CTS refer-
ence collection and are free of dye. Of course many real fiber
samples are dyed and it is necessary to determine how this affects
the Raman spectrum. Dyes are typically aromatic and/or unsatu-
rated molecules and hence are generally excellent Raman scatter-
ers. However, these same structural features also make dye mole-
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FIG. 7—Raman microprobe spectra (632.8 nm excitation) of a set of
nylon-6 fibers from different manufacturers. (A) Badische (AO163); (B)
Berkley and Co. (AO410); (C) Allied (AO207); (D) Albany International
(AO463).
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FIG. 8—A principal components analysis (PCA) scores plot for the
spectra of the nylon-6 fibers shown in Fig. 7. Repeat spectra for each
sample are circled.



cules tend to be fluorescent under laser irradiation. It has been
previously reported by Bourgeois and Church (17) that FT-Raman
spectroscopy utilizing near-infrared excitation at a wavelength of
1064 nm is a useful method to characterize dyestuffs in acrylic
fibers. Their work was carried out in the normal macroscopic sam-
ple compartment of the FT-Raman spectrometer using a specially
designed cell to hold the fiber sample. The long wavelength of
the exciting line alowed Raman spectra to be collected without
interference from fluorescence.

In our work we used a Raman microprobe spectrometer to inves-
tigate dyed fibers, consequently no sample preparation or special
cell was required. As fluorescence posed a problem with 632.8 nm
excitation, the longer wavelength light, 780 nm, from the semicon-
ductor laser was used and fluorescence was avoided. Figure 9
shows the Raman microprobe spectra of two different red-dyed
polyester fibers. The spectra show bands due to both the polyester
itself (marked with asterisks) and the dye compound. Note that
these bands are similar intensity despite the fact that the proportion
of dye present is very low compared with the polyester. As men-
tioned before, this is a result of the high Raman cross-section of
typical dye molecules compared with typical polymers. Raman
spectroscopy istherefore aparticularly useful technique for study-
ing dyes on fibers, and much superior to infrared spectroscopy
which would show spectra dominated by polymer absorptions. The
other point to note is that although the fibers visually had similar
colors, the Raman bands due to the dyes are quite different, indicat-
ing different dye compounds.

ARBITRARY UNITS
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The nature of the polymer for a dyed fiber may not always be
known. In this caseit is possible to obtain separate spectra of both
the fiber and the dye. Figure 10A shows the spectrum of a blue
dyed fiber in the region 1650-450 cm™2. At this stage it is not
clear which bands may be assigned to dye vibrational modes and
which to polymer (fiber) modes. The dye was extracted from the
fiber at elevated temperature by a solvent consisting of a mixture
of water and pyridine. The Raman microprobe spectrum of the
fiber, after removal of the dye, is shown as Fig. 10, spectrum B.
The fiber can now be identified as a nylon by comparison with
the spectrain Fig. 5. This identification could be performed auto-
matically by computer searching of a database of Raman spectra
of fibers. Subtraction of spectrum 10B from 10A should give the
spectrum of the dye aone (spectrum 10C).

A standard method for characterizing dyesisthin layer chroma-
tography (TLC) (23). In this case the dye solution was spotted onto
ahigh performance TLC plate. The Raman spectra of the dye spot
and the clean HPTLC plate were obtained and are shown as Fig.
11, spectra A and B, respectively. The difference spectrum, Fig.
11, spectrum C, is the spectrum of the extracted dye onthe HPTLC
plate. The spectrum is essentially identical to the spectrum of the
dye obtained by spectral subtraction (Fig. 10, spectrum C). The
great sensitivity of the Raman microprobe for dye compounds has
enabled a spectrum of the dye to be obtained with very little effort.
Again, it might be possible to identify the dye by computer search-
ing of a spectral database of dye spectra. This would have to be
assembled by the user, as currently noneiscommercially available.

C
(/2]
E
<
Z B
>
3
E
]
(14
<
A

T T T T T T T
1800 1600 1400 1200 1000 800 600

RAMAN SHIFT (cnr)

FIG. 9—Raman microprobe spectra (with 780 nm excitation) of two
different red-dyed polyester fibers. Polyester bands are marked with an
asterisk.
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FIG. 10—Raman microprobe spectra (with 780 nm excitation) of a
blue-dyed fiber. (A) Fiber with dye; (B) Fiber only, after solvent extraction
of dye; (C) Dye spectrum obtained by computer subtraction of B from A.
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FIG. 11—Raman microprobe spectra of blue dyestuff from fiber shown
in Fig. 10. (A) HPTLC plate spotted with dye extract; (B) HPTLC plate
only; (C) Spectrum of extracted dye by computer subtraction of B from
A

Regardless of whether the dye can be identified or not, the Raman
microprobe has been shown to be capable of distinguishing easily
between similarly colored fibers which have different fiber struc-
ture and/or different dyes, despite the fact that the fibers may be
visually identical.

Conclusions

Raman microprobe spectroscopy has been shown to be useful
for the forensic characterization of fibers. No sample preparation
is required and sample presentation is simple. This is a distinct
advantage compared with the currently accepted method of in-
frared spectroscopy. Extremely small samples may be examined
asalaser spot size of around 1 pm isreadily achieved. High signal-
to-noise spectra of synthetic fibers can be obtained in a matter of
seconds, while natural fibers such as wool and cotton are weaker
Raman scatterers and require measure times around 2 min. Fibers
of different structure show very different Raman spectra and are
easily distinguished.

Fluorescence was occasionally a problem with certain fibers,
but could be avoided by leaving the sample under the laser for a
few minutes, or by using exciting light of wavelength 780 nm in
place of the more common 632.8 nm. The use of the 780 nm laser
for all fiber work isrecommended as fluorescence is much reduced
but measurement time still remains typically at a few seconds.

Fibers of similar structure, but from different manufacturers,
have very similar spectrabut can be distinguished by careful analy-

sisof the spectrausing multivariate techniques such asPCA. Appli-
cation of PCA to sets of polyester spectra and nylon-6 spectra
showed that repeat measurements at different points on a single
fiber were highly reproducible, and that spectra of the same fiber
type from different manufacturers have distinctly different spectra.

Raman spectraof dyed fibers could al so be obtained, and showed
bands due to both dye and fiber. Raman spectroscopy is asensitive
technique for dyes because typical dye molecules are excellent
Raman scatterers. Fibers of similar color, but a different dye com-
pound, are shown to have quite different spectra and can be easily
distinguished. Separate spectra of the fiber and the dye could be
obtained by a simple extraction procedure followed by spectral
subtraction of the spectrum of the dye-free fiber from that of the
dyed fiber. The spectrum of the dye obtained by spectral subtrac-
tion was shown to be identical to that of the extracted dye spotted
onto a TLC plate.
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