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INTRODUCTION

Polymeric identification is an important step in the fo-
rensic analysis of transferred fibers collected as evidence.
In addition to physical and optical comparison of known
and questioned fibers, polymeric identification of the fiber
provides the forensic scientist with information on which
to base conclusions, such as transfer behavior and prev-
alence in the community.! After collecting potentially sig-
nificant fibers and screening them with a stereo micro-
scope, they are mounted on glass slides for further ex-
amination by comparison, polarized light (PLM), and
fluorescence microscopes. Optical properties such as in-
dex of refraction, birefringence, and optical sign of elon-
gation are used to determine the generic class of the fiber.
As fiber technology has progressed, new generic and sub-
generic classes of fibers have been developed. PLM can-
not be used to differentiate between subgeneric classes;
therefore, a method with additional discrimination is nec-
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essary to more fully characterize the chemical composi-
tion of fibers.

Microscopical analysis by FT-IR spectroscopy has
been the preferred method for obtaining additional infor-
mation on the polymeric composition of a fiber.2* It al-
lows unequivocal determination of the generic class and
frequently permits subclassification.>® FT-IR analysis
cannot be conducted while the fiber is mounted due to
the strong absorption of infrared (IR) radiation by glass.
The fiber must be removed from the slide and rinsed to
clean off the mounting medium before preparing the fiber.
This increases sample preparation time and the chance
for sample loss.

Glass produces little response to Raman spectroscopy.
Therefore, Raman analysis of fibers can be conducted
while the fiber remains mounted on a glass slide under
coverslips. The theoretical beam width of the laser is 0.8
pm; thus, Raman will potentially permit measurement of
microfibers used in some fabrics in the current market.
The samples do not need to be thinned or flattened, as
with IR, because the photons are scattered from the sur-
face and not transmitted through the sample.

The current literature contains limited reports and ci-
tations on the use of Raman microprobe spectroscopy for
forensic analysis of fibers. Research by Lang et al.” has
shown that it is possible to scan fibers while they are
taped onto a glass slide. By the same sample preparation
method, Keen et al.® have shown that it is possible to
differentiate between several generic and subgeneric clas-
ses of fibers. This report will demonstrate that it is pos-
sible to scan through a glass coverslip and mounting me-
dium to obtain polymeric identification of nondyed fibers.

EXPERIMENTAL

Undyed fiber samples were obtained from the Collab-
orative Testing Services (CTS) (Herndon, VA) 1987 Col-
lection and from an FBI collection acquired from man-
ufacturers. Three sample preparation methods were used:
(1) fibers were taped directly to glass microscope slides
for analysis, (2) samples were taped to the shiny side of
aluminum foil covering microscope slides, and (3) sam-
ples were mounted in Permount, produced by Fisher Sci-
entific (Pittsburgh, PA), under glass coverslips on micro-
scope slides. Including the subclasses, a total of 70 fiber
types were analyzed by these methods.

Raman spectra were collected using a Renishaw (Glou-
cestershire, United Kingdom) Model 2000 spectrograph
attached to an Olympus (Melville, NY) BHSM metallur-
gical microscope. A 785 nm, 300 mw, continuous wave,
wavelength-stabilized laser diode (SDL, San Jose, CA)
was used as the excitation source. For all scans, a 50X
microscope objective was used that produced a theoreti-
cal 0.8 wm spot size on the sample. Using 180° back-
scattering geometry, the scattered light was collected by
the objective and passed through a holographic notch fil-
ter to remove the Rayleigh line. The detector was a ther-
moelectrically cooled charge-coupled device (CCD) de-
tector of 576 X 384 pixels. Spectra were collected in the
range of 200 to 2000 cm~! except for acrylic and mo-
dacrylic fibers, which were collected from 200 to 2400
cm~!. Spectral acquisition, presentation, and analysis
were performed with the Renishaw WIRE and
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Fic. 1. Raman spectra of a nylon 6 fiber on different mounts. (A)

nylon 6 taped on a glass slide; (B) nylon 6 taped on an aluminum foil
slide; (C) nylon 6 on an aluminum foil slide after baseline flattening.

GRAMS®/32C (Galactic Industries, Salem, NH) soft-
ware. The spectra were acquired using scan time settings
of 120 s for the aluminum foil slides and four coadded
scans of 30 s for the Permount-mounted slides. Total
analysis time in both cases was approximately eight min-
utes, because the software time settings are for the por-
tion of the spectrum for each grating position. The grat-
ings are moved incrementally to cover the spectral range
specified. The portions of the spectrum are digitally
stitched together to complete the total spectral range cov-
ered. The instrument was calibrated for frequency daily
to within one wavenumber of naphthalene. Spectra of a
blank glass slide and Permount between a coverslip and
a glass slide were collected daily for subtraction from the
Permount-mounted fiber spectra. No instrument response
corrections were made.

RESULTS AND DISCUSSION

Fibers were initially taped on top of glass slides and
analyzed directly where there was no tape; therefore, no
interference from the tape occurred. Figure 1A shows a
spectrum of a nylon 6 fiber that is typical of fibers taped
directly on a glass slide. Fluorescence from the glass slide
produces a large broad underlying peak near 1400 cm™!.
To remove the interference contributed by the peak, a
background spectrum of the glass slide alone must be
subtracted from the fiber spectrum acquired on the glass.
The use of aluminum foil to back the fiber eliminated the
fluorescence of glass and the subtraction step. Figure 1B
shows a spectrum of a nylon 6 fiber taped on an alumi-
num foil-covered slide. Note that the underlying broad
peak around 1400 cm™! is now absent. After baseline
flattening, the high-quality spectrum in Figure 1C results.
The spectrum is shown with major peak assignments as
described by Hendra et al.” who analyzed nylon pellets
using an FT-Raman system. The peak frequencies, ob-
tained by the Grams® peak-picking routine, are within
one wavenumber of Hendra’s results, with the exception
of the 1078 cm™! peak, which is two wavenumbers dif-
ferent.

Next, studies were conducted on fibers mounted under
glass coverslips. Figure 2A shows a spectrum of a nylon
6 fiber typical of fibers mounted in Permount. Along with
the large broad peak near 1400 cm™! due to the fluores-
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Fic. 2. Raman spectra of a nylon 6 fiber mounted on a glass slide in

Permount with a coverslip. (A) nylon 6 mounted in Permount (arrows
show major Permount peaks); (B) Permount on aluminum foil; (C)
nylon 6 mounted in Permount after subtraction of Permount and glass
slide and baseline flattening plotted full scale (arrows show subtraction
artifacts); (D) nylon 6 spectrum obtained on aluminum foil-covered
slide.

cence of glass, several additional peaks from the Per-
mount are evident. A spectrum of neat Permount is
shown in Fig. 2B with the major peaks near 1005, 785,
and 525 cm™!. Permount is a formulation of pinene, tol-
uene, and 2,6-di-tert-butyl-P-cresol. A background spec-
trum taken adjacent to the fiber was subtracted to elimi-
nate the Permount peaks. Often, the broad peak from the
glass fluorescence was still present, and a second sub-
traction of the glass slide was necessary to remove the
contribution from the glass. The final spectrum after
baseline flattening is shown in Fig. 2C.

Perturbation from intermolecular interaction due to ap-
parent hydrogen bonding between the Permount and the
fiber!® was observed on the final subtraction spectrum
shown in Fig. 2C. Artifacts are indicated by arrows where
the major Permount bands were subtracted. Hydrogen
bonding with the fiber appears to have broadened the
Permount bands, thus producing second derivative-
shaped curves after subtracting the spectrum of Per-
mount. Attempts to reduce the intensity of these residual
bands by changing the thickness compensation factor re-
sulted in negative nylon 6 bands. The bands do not in-
terfere with the interpretation of the spectra and are min-
imal compared to perturbation effects that are often ob-
served in spectral subtraction calculations.

For comparison, Fig. 2D shows the nylon 6 spectrum
obtained on aluminum foil. Raman spectra of fibers
mounted in Permount generally have a lower signal-to-
noise ratio than those measured on an aluminum foil
slide. Nevertheless, characteristic bands are still observ-
able, and the peak frequencies are within one wave-
number when comparing the subtracted Permount slide
with the aluminum slide and the spectra obtained by Hen-
dra et al. This is also true after a 13-point Savitsky—Golay
smooth is performed on the final spectrum from the glass
mount.

Nylon 6,6 is also frequently seen as evidence in foren-
sic laboratories. The ability to distinguish nylon 6 from
nylon 6,6 provides an additional subgeneric discriminat-
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FiG. 3. Comparison of Raman spectra of two nylon fibers mounted in

Permount with the distinguishing peaks labeled. (A) nylon 6; (B) nylon
6,6.

ing factor that could prove useful in a forensic investi-
gation. Spectra of nylon 6 and nylon 6,6, acquired in the
slide mount, are shown in Figs. 3A and 3B, respectively,
with their polymeric structures. The peak assignments
used to differentiate between the nylons are listed on the
spectra.”!! The nylon 6,6 spectrum does not have an am-
ide III band (C-N stretch and N-H bend) at 1281 cm™!,
and the C-C skeletal stretches are shifted from the peak
locations in the nylon 6 spectrum.

Since Raman spectroscopy provides information that
is complimentary to IR, it is useful to compare the in-
formation gained from Raman spectroscopy to that from
the IR. Generally, C—C bonds found in the skeletal back-
bone structure of many polymeric fibers readily polarize
and will be good Raman scatterers, producing many char-
acteristic peaks. Likewise, strong dipole moments from
functional group vibrations will absorb strongly in the IR.
Figure 4 shows IR spectra of nylon 6 and nylon 6,6 in
Figs. 4A and 4B, respectively. The two nylon spectra are
very similar. The major bands are characteristic for poly-
amides and make the identification of the generic class a
simple task. However, the features distinguishing the sub-
generic classes are more subtle. The most convenient way
by IR to differentiate between nylon 6,6 and nylon 6 is
by the presence of the weak crystalline band near 935
cm™! in the nylon 6,6 spectrum. To determine the differ-
ences between the different numbered series of nylons, it
is necessary to carefully compare the small skeletal-re-
gion bands between 1150-1000 cm~!. When conducting
IR spectral searches of nylons, it is necessary to limit the
computer search to 1150-900 cm~! to obtain the correct
results for the nylon subclasses. Differences are more ap-
parent in the Raman spectra, and they are easier to dis-
tinguish.

Acrylic fibers are another important generic class in
forensic analysis because these fibers, frequently used in
sweaters, can readily transfer during contact.'> Acrylics
are composed of at least 85 percent by weight of poly-
acrylonitrile along with other comonomers and ionic end
groups.”® As a result of variations in composition, IR
analysis is useful for discriminating over 20 known sub-
classes. Figure 5 contains four IR spectra of major sub-
generic classes of acrylic fibers. The major characteristic
spectral feature for acrylics is the nitrile band near 2240
cm~! shown in Fig. 5A of polyacrylonitrile homopoly-
mer. The comonomers shown in Figs. 5B, 5C, and 5D
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FiG. 4. Infrared spectra of two nylon fibers with the distinguishing
peaks labeled. (A) nylon 6; (B) nylon 6,6.

contain carbonyls that absorb near 1730 cm~!. The dif-
ferentiating features in these spectra lie in the C-O
stretching region between 1300-1100 cm™!. Additional
comonomers and additives show characteristic features in
the IR that permit further discrimination between the sub-
classes of acrylic fibers.

In comparison to the IR spectra, Raman acrylic fiber
spectra, shown in Fig. 6, have only minor notable differ-
ences. The nitrile stretch is observable near 2240 cm ™!,
but the carbonyl and the C-O stretches do not appear in
these spectra. Minor variations in band shapes are the
only differences. Application of multivariate analysis to
Raman spectra may lead to improved discrimination of
such spectra, but with the addition of dye features, acrylic
fibers are not likely to be subclassified using Raman anal-
ysis.

Most other fiber types studied were found identifiable
by Raman analysis. An exception is glass fibers on mi-
croscope mounts. Glass fibers produce the same fluores-
cence response in their spectra as the glass coverslips. No
other features are observable to identify them as glass
fibers. Therefore, Raman analysis is not useful for iden-
tifying glass fibers while mounted on microscope slides.
In addition to acrylics, saran fibers are the only class that
cannot be subclassified by Raman spectroscopy. Sarans
differ only in the amount of plasticizer used in the pro-
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Fi. 5. Comparison of infrared spectra of four major acrylic

sub-generic classes. (A) polyacrylonitrile homopolymer; (B)
poly(acrylonitrile : methyl) acrylate; (C) poly(acrylonitrile : methyl
methacrylate); (D) poly(acrylonitrile : vinyl acetate).
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duction of the fibers. The ester bands of the plasticizer
are not observable in the Raman spectra. Table I shows
the generic classes of fibers with the ability to identify
generic classes and subclasses of nondyed fibers based

TABLE I. Ability to use IR vs. Raman analysis in fiber class and
subclass identification of nondyed fibers.

IR Raman
Fiber class Class Subclass Class Subclass
Acetate good poor/difficult good good
Acrylic good good good poor
Aramid good good good good
Azlon good good good good
Fluorocarbon good good good good
Glass good NA® poor NA®
Modacrylic good good good good
Natural good good good good
Novaloid good NA good NA
Nylon good good good good
Polycarbonate good NA good NA
Polyester good good good good
Olefin good good good good
Rayon good NA good NA
Saran good good good poor
Spandex good good good good
Sulfar good NA good NA
Vinyl good NA good NA
Vinyon good NA good NA

*NA indicates that there are no subclasses in this generic class.
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on IR vs. Raman spectra. The IR and Raman spectra were
compared by Miller'* for the entire 70 fibers analyzed.

CONCLUSION

Raman spectra of single fibers were obtained directly
from glass slide mounts; therefore, no additional sample
preparation was required after visual light microscopy.
Glass fibers are an exception because they cannot be an-
alyzed by this method. Subgeneric identification by Ra-
man analysis was successful for nondyed fibers with the
exception of acrylics and sarans. With these fiber classes,
spectral differences are too subtle for clear distinction
between subclasses, and therefore, IR analysis is recom-
mended for subclassification of acrylics and sarans. A
study dealing with Raman analysis of dyed fibers will be
addressed in a forthcoming publication.
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