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ABSTRACT: Polarized infrared (IR) microspectrometry was used
to measure the changes in infrared absorption resulting from the
molecular orientation of single textile fibers. Dichroic ratios were
determined from single experimental fibers subjected to incremen-
tal elongation from an unstretched to a stretched condition. Similar
measurements were made on commercial fibers of the same poly-
mer with known draw ratios. Theseinfrared spectroscopic measure-
ments provided a direct means for comparing fibers drawn under
production conditions with single fibers stretched in controlled
experiments. The dichroic ratio data are indicative of the molecular
orientation that occurs when fibers are drawn in the manufacturing
process. Dichroic ratio data of commercial fibers can be used to
monitor textile fiber quality and to compare fiber evidencein foren-
sic investigations.
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Modern Fourier transform infrared (FT-1R) microspectroscopic
technology allows reducing the target size of the specimen to a
single fiber and determining its molecular chemical composition.
Moreover, surface analysis is accomplished readily on a micro
scale using an attenuated total reflectance (ATR) microscope
objective (1). With this micro ATR procedure, spin finishes or
treatments applied to fibersfor end use can be detected. In forensic
science each additional bit of information is potentially useful
when comparing fiber evidence. Because of compositional varia-
tions that are prevalent in acrylic fibers, infrared microspectros-
copy (IMS) has been used to separate acrylic fibers into several
subclasses (2—4). Polarized IMS provides a new dimension for
forensic fiber comparisons.

When the infrared absorption band intensity of a single fiber
varies because the orientation of the direction of polarization
changes, dichroic activity is present. Thisis a direct result of the
orientation of the fiber's macromolecules. An absorbance band,
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that exhibits dichroic activity, can be quantified by determining
its dichroic ratio (5—7). The dichroic ratio at each wavelength or
wave number is cal culated by dividing the band intensity measured
when the electronic field is aligned parallel to the fiber axis by
the absorbance measured when the electronic field is aligned per-
pendicular to the fiber axis. Dichroic ratios provide evidence of
the fiber treatment during the manufacturing process. These manu-
facturing processes produce fiberswith the desired functional char-
acteristics by controlling the crystallinity and molecular orientation
(8-15). In particular, the draw ratio or simply the wind-up speed
influences the dichroic ratio (16—19). Tungol and co-workers (20)
at the FBI showed that groups of individual fibers taken from two
different manufacturers could be distinguished by their infrared
dichroic measurements. Those distinctions were based on the
dichroism of a single wavelength measurement.

Inthiswork, asystematic study of singlefiberswasmadeinvolv-
ing anumber of infrared absorption bands recorded in the transmis-
sion mode. Unstretched acrylic, nylon, and polyester fibers were
obtained directly from manufacturers by special dispensation. The
dichroism that results from elongation was studied systematically
beginning with undrawn test fibers. Additionally, several commer-
cial fibers with known stretching histories were examined. This
was done to assess the potential of polarized infrared to differen-
tiate fibers by their molecular orientation resulting from processing
conditions. The ability to measure dichroic ratios on single fibers
under controlled conditions can lead to a better understanding of
how fiber orientation occurs during manufacturing and provides a
means for forensic fiber comparisons (21).

Experimental
Instrumentation

AnIRws® model FT-IR microspectrometer (Spectra-Tech, Shel-
ton, CT) was used. This integrated infrared spectrometer/infrared
microscope provides optical efficiency as well as programmable
operation and control. This microscope was equipped with a
Schwartzchild first surface mirror lens. The IRu.s® was equipped
with a microprocessor-controlled motorized stage and an infrared
polarizer that could be rotated to the proper orientation. The zinc
selenide, 600 linessmm, wire-grid infrared polarizer was positioned
in the interferometer between the beam-splitter and the sample in
the optical path of the microscope.

The specimen was viewed with the instrument acting as a light
microscope. The portion in the field of view defined for infrared
spectral analysis was positioned at the cross hairs in the optical
view (22,23). During spectral measurement, infrared radiation was
directed aong the same optical transmission path and the sample
area was defined by image plane masks before the objective and
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after the condenser. Image plane masks restricted spectroscopic
analysis to a chosen portion of the specimen. Typically, apertures
of 12 by 48 nm were used. Similar dimensions were used for the
bottom aperture to avoid incidental spectral contamination.

A single-fiber stretching device suitable for use on the micro-
scope stage was designed for the project and fabricated in the KSU
Physics Department machine shop. The stretching device consisted
of a brass plate with an open rectangular hole (0.5 in. long, 0.25
wide) milled in the center. The open area was covered by a fixed
and dliding moveable glass jaw that moved between glass guides
over the smooth brass surface. The sliding member was controlled
by the rotation of a screw. The brass plate was drilled, tapped, and
equipped with three leveling screws for use on the microscope
stage. This stretching device produced a measurable amount of
fiber elongation. The fiber was fastened to the stationary and mov-
ing ends of the stretching device and stretched by controlled rota-
tion of a screw. Actua dimensions between points scribed on the
fiber with ink were determined using an ocular with 0.1 mm scale
divisions to measure the dimensions before and after stretching.

Fiber Samples

The fiber samples included unstretched acrylic homopolymer,
polyethylene terephthalate (PET), and nylon 6. The prestretched
fibers evaluated were polyester with three different draw ratios,
2.72, 3.19 and 3.98. Undrawn polyacrylonitrile was obtained cour-
tesy of MANN Industries. The acrylic single-fiber infrared dichro-
ism stretching experiment served as a model for relating the
observed spectroscopic response specifically to the orientation of
the nitrile groups with respect to the fiber axis. This model was
selected because classical infrared dichroic studies had previously
elucidated these cause and effect rel ationships. Thetheoretical rela-
tionships between infrared dichroism and molecular orientation of
the nitrile bands were described by Fraser (24,25).

The undrawn and drawn Dacron 54 PET fibers furnished by the
DuPont Company are listed in Table 1. Undrawn fibers of two
different sizes (3 and 6 denier) were used for the stretching experi-
ments. Fifteen denier undrawn nylon 6 fibers were used for similar
stretching purposes.

The polarized spectroscopic data obtained from polyester fibers
prestretched by the manufacturers using three different draw ratios
were used to study the relationship between the extent of molecular
orientation optically revealed and known manufacturing process
conditions.

Procedure for Obtaining Polarized Spectral Data
of Sngle Fibers

The protocol used for obtaining dichroic spectra was comprised
of severa steps, mounting the fiber, aligning the fiber to the polar-
ized infrared beam, selecting the area for analysis and recording
the polarized infrared spectrum. After an unsupported fiber was

TABLE 1—DuPont polyester fibers from which polarized infrared
spectra were obtained.

Code Conditions
0101 undrawn—3 denier
0102 undrawn—=6 denier
0103 2.72 draw ratio
0104 3.19 draw ratio
0105 3.98 draw ratio

placed on the stage, the sampl e-defining aperture was set appropri-
ately for the particular fiber (typicaly an aperture of 12 by 48
pm was used). The ViewThru™ feature of the IRus® alowed
projection of the aperture image onto the image of the entire micro-
scope field. The superimposed projected image on the video moni-
tor facilitated the precise positioning of the specimen by moving
the microprocessor-controlled motorized stage. Viewing was done
with the bottom aperture out of the beam path. When the spectrum
was recorded, a similar size of bottom aperture was used. The
sample and background spectra were collected with the polariza-
tion vector in both a parallel and perpendicular position relative
to the fiber axis. The operational parameters for the background
spectra were identical to those used in recording polarized spectra
of the single fibers. The programmable stage allows sample posi-
tions to be stored and the fiber repositioned with a precision of 1
pm. Data were collected, scans were coadded, the interferogram
was transformed, and the single-beam spectrum was referenced to
the polarized background stored in the computer. Similarly, with
the polarizer rotated to the opposite position, a second single-beam
spectrum was obtained and displayed as a transmission or absor-
bance spectrum with reference to the appropriate background.
Spectra were collected for each fiber at both polarizations to allow
calculations of dichroic ratios for absorption bands exhibiting
dichroism.

Sngle Fiber Procedure for Dichroic Ratio/Stretching

The undrawn test fiber was placed in the stretching device and
infrared transmission spectra were obtained at both polarizations
prior to elongation. A X 15 objective was used with a 12 by 48
m sample area defined with dual masks. The spectral resolution
used in all experimentswas 4 cm™? in the 4000 cm™* to 600 cm™?
spectral region. Spectra were obtained with 256 scans coadded.
The procedure was repeated at several successively increased elon-
gation until the fiber was as much as 267% of its original length.
Three replicate spectra were taken for each polarization at each
elongation condition or draw ratio. Dichroic response curves were
produced by plotting the average dichroic ratio for the bands of
interest versus elongation of the fiber.

Fibers with various diameters were used in single fiber elonga-
tion experiments. Preliminary experiments were performed using
3 denier (approximately 10 wm diameter) fiber (26,27). To produce
the larger elongations commonly used in the textile industry, the
procedure was repeated on thicker fibers (6 denier and approxi-
mately 19 um diameter). Since absorbance band values greater
than 1.0 are generally regarded as unreliable for quantitative analy-
sis, thick fibers limit the number of bands that can be used for
dichroic ratio measurements.

Using this procedure, single undrawn acrylic, polyester and
nylon fibers were examined by polarized infrared microspectros-
copy to observe their dichroic ratio generated by stretching. This
procedure was also used to measure dichroic ratios of the drawn
commercial PET fibers. For polyester fibers, frequencies with a
maximum change in dichroic response upon elongation were iden-
tified from preliminary stretching experiments.

The empirical relationships between the elongation and dichroic
ratios produced for several different wavelengths were defined by
thisstudy. Dichroic ratios at several wavel engths provided multiple
points of comparison for the further distinction between single
fibers with different histories.

Results

A singleacrylic fiber was drawn to test the relationship of single-
fiber dichroic spectral data to the theory proposed by Fraser (24).
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FIG. 1—Structure of the polyacrylonitrile shows the nitrile groups oriented 90° to the fiber axis. The left structure shows the fiber before being

stretched and the right structure shows the result after stretching.
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FIG. 2—Polarized infrared absorption spectra acrylic fiber showing the orientation of the nitrile functional group at 2244 cm™2. Top: perpendicular
(1b) and parallel (1a) polarized infrared spectra of a single unstretched fiber. Bottom: perpendicular (2b) and parallel (2a) polarized infrared spectra

of a stretched fiber.

According to Fraser's equations, the percentage of the nitrile
groups being orientated perpendicular to thefiber axis can be calcu-
lated from infrared dichroic ratio data. Fraser’'s equation relating
the dichroic ratio to the orientation of the nitrile group with respect
to the C—C backbone of the macromolecules along the fiber axis
is shown below (where R = dichroic ratio function, f = perfect
orientation, (1 — f) = perfectly random orientation, and o =
angle between transition moment direction and molecular axis):

R(a,f)
= [f co2a + U3 (1 — AI[V2 f sn2a + U3 (1 — f)]

(24)

The percentage of the nitrile groups oriented as a function of
stretching asingle acrylic fiber isshownin Table 2. The orientation
of the nitrile groups was determined by measuring the dichroic
ratio of the nitrile band at 2245 cm~1. As the fiber was stretched,
a larger fraction of the nitrile groups became oriented 90° to the
fiber axis (Fig. 1). This resulted in the absorbance value for the

TABLE 2—Dichroic ratios and the percentage of the nitrile groups
oriented 90°to the fiber axis.

Elongation Ratio Dichroic Ratio % Oriented 90° to Fiber Axis
1.00 0.96 2.7%
1.20 0.78 15.8%
1.40 0.66 25.6%
1.60 0.32 58.6%

perpendicular polarization at 2245 cm™? being larger than that for
paralel polarization. The dichroic ratio value is less than 1.0 for
this orientation of the nitrile functional group. Figure 2 shows that
the dichroic ratio for the nitrile band changed from 0.96 to 0.32
when the unstretched acrylic fiber was stretched from 0 to 160%.
As the stretching increased, the percentage of the nitrile groups
oriented 90° to the fiber chain axis increased. The elongation ratio
was defined as the length of the fiber after being stretched divided
by the original length of the fiber. Applications of this classica
relationship to single-fiber infrared microspectroscopic data sup-
ported the expectation of meaningful single-fiber polarization
results with other polymers.
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Stretched single nylon fibers clearly exhibited dichroism for the
bands at 3082 cm™* and 997 cm™?. Because of the fiber thickness
(15 denier, (M0 pm diameters), measuring the dichroic ratio of
most strongly absorbing bands was impossible. The results of
stretched single nylon fibers are not shown here because of the
over-absorbing bands of the thick undrawn fiber. Near-infrared
microspectroscopy is being investigated for the dichroic spectral
analysis of thick fibers.

Similar studies were made on polyester fibers. Systematic sin-
gle-fiber stretching experiments with polarized FT-IR microspec-
troscopy were undertaken on the microscope stage with 3 denier
and 6 denier undrawn polyester fibers obtained from the DuPont
Co. In these room temperature experiments, the maximum elonga-
tions obtained were 200% with the 3 denier fiber and 267% with
the 6 denier fiber. In both cases, changes of dichroic ratios were
observed. From observations of the spectra at maximum and zero
elongation, the wavelengths were identified where maximum

TABLE 3—Infrared bands of PET in descending order of relative
change in their dichroic ratios with stretching to a fixed elongation
(140%) from an unstretched condition.

Dichroic
Ratio

Frequency Stretched/ Orientation
cm™?1 Assignment Initial* Factort
973 C—O stretch of trans ethylene 194 +1.94

glycol

876 phenyl C—H band (out-of-plane) 0.54 —-1.85
1579 phenyl C—C stretch 1.36 +1.36
1376 CH, wagging 0.73 -1.32
1505 phenyl C—C stretch (in-plane) 127 +1.27
1960 1,4- substituted phenyl overtone 0.86 —-1.16
1455 CH,, bending 113 +1.13
3435 C=0 stretch overtone 0.89 +1.13

* Dichroic ratio stretched/dichroic ratio initial.
T Fractional changes of the dichroic ratios compared to unstretched as
1.00.

Absorbance

change occurred. The undrawn fibers were found to have only a
small amount of preferred orientation.

Preliminary comparison of dichroic ratios of single polyester
fibersidentified absorption bands that showed the greatest response
to orientation (27). These are listed in Table 3 in order of their
decreasing response to a fixed elongation.

The dichroic ratio of the 973 cm~?! band (C—O stretch of the
trans ethylene glycol unit), shown in Fig. 3, increased by a factor
of 2.03 when the unstretched 3 denier fiber was stretched to 183%
of its origina length. Further stretching to 200% elongation at
room temperature resulted in a reduction in the dichroic ratio of
this band. Before the polyester was stretched, the C—O groupsin
the ethylene glycol unit were oriented randomly. After stretching,
thisfunctional group rotated to the trans form and became oriented
paralel to the fiber axis.

The 876 cm™ band (phenyl C—H out-of-plane vibration)
showed a different dichroism. This dichroic ratio decreased by a
factor of 1.69, indicating that alarger fraction of the phenyl C—H
band was oriented perpendicular to the fiber axis.

When an unoriented polyester fiber was stretched rapidly on the
microscope stage, a ‘‘neck’’ was observed between the stretched
and unstretched portions of the fiber. Figure 4 shows the ‘* necking
down’’ of apolyester fiber after it was stretched rapidly. Asstretch-
ing was continued, the drawn section increased in length at the
expense of the undrawn portion of the sample. Figure 5 shows
spectraat both polarizations at the unstretched, neck, and stretched
portions of a polyester fiber at 973 cm™1. The average dichroic
ratioswere 1.04 at the unstretched portion, 1.32 at the neck portion,
and 1.68 at the stretched portion. This shows the changes between
different portions within a single polyester fiber.

In order to produce alarger range of elongation and fiber diame-
ters more representative of commercial polyester fibers, the experi-
mentswere repeated on 6 denier undrawn polyester fibers. Dichroic
responses for eight bands of interest at different elongations are
shown in Table 4. The valueslisted are the means of three indepen-
dent determinations on replicate fibers. The relationships between
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FIG. 3—Polarized FT-IR spectra of unstretched and stretched 3 denier polyester fiber showing that the dichroic ratio increased at 973 cm~* and
decreased at 876 cm~1. la = unstretched parallel polarization, 1b = unstretched perpendicular polarization, 2a = stretched parallel polarization,

2b = dtretched perpendicular polarization.
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FIG. 4—Necking of a polyester fiber after rapidly stretching position 1 (stretched), 2 (neck), and 3 (unstretched) points at which corresponding
spectra shown in Fig. 4 were recorded.
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FIG. 5—Polyester polarized spectra at 973 cm 1. 1a = parallel polarized spectrum of the stretched portion, 1b = perpendicular polarized spectrum
of the stretched portion, 2a = parallel polarized spectrum of the neck portion, 2b = perpendicular polarized spectrum of the neck portion, 3a =
parallel polarized spectrum of the unstretched portion, 3b = perpendicular polarized spectrum of the unstretched portion.
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FIG. 6—Dichroic ratio of the C—O stretch vibration band of trans ethylene glycol at 973 cm-1vs. elongation ratio for a drawn, 6 denier, polyester

fiber showing the increase in dichroic ratio as the elongation was increased.
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FIG. 7—Dichroic ratio of the phenyl C—H band at 876 cm~ ! vs. elongation ratio for a drawn, 6 denier, polyester fiber showing the decrease in

dichroic ratio with increased elongation.

dichroic ratios and elongation observed for bands at 973 cm~* and
876 cm~* (Figs. 6 and 7) were similar to those observed for the
3 denier fiber. Note that as the elongation was increased at the 876
cm~?! band, the dichroic ratio was decreased. At the elongation
ratio of 2.17, the dichroic ratio of the 876 cm~? band reached the
lowest value. The opposite situation was found for the 973 cm™1
band; at the elongation ratio of 3.96, the dichroic ratio had the
highest value. Figures 6 and 7 show the dichroic ratio responses
to stretching plotsfor the bands at 973 cm~? and 876 cm™?, respec-
tively. The plots of the dichroic ratios were based upon baseline
corrected peak height versus elongation ratio.

Examination of the data showed several interesting features. For
the dichroic ratio versus elongation data of the 976 cm~ band
(Fig. 6), two linear ranges were observed between 1.17 to 1.51

and 1.51 to 2.17. These changes in dichroic ratio are consistent
with changes in the orientation of the amorphous and crystalline
phases. When the elongation exceeded 2.34, the value of the
dichroic ratio dropped dramatically. This decreasein dichroic ratio
was unexpected and suggests that at the high elongation at room
temperature, crystal morphology may have been transformed from
lamellae to extended chain forms. Note from Table 4 and in Figs.
6 and 7 that a limit to the stretching was reached beyond which
continued stretching produced a break in the trend of dichroic
ratios.

The infrared dichroism may be explained by consideration of
the orientation of PET molecules (shown in Fig. 8) as the fibers
are elongated. When the PET molecules are randomly dispersed,
no dichroism is observed. After the fiber is stretched, the PET



molecules become preferentially aligned in a configuration where
a greater fraction of the long —C—C— chain is pardlel to the
fiber axis. As predicated by Fraser’s theory, the —C—0O—C—
stretching vibration of trans ethylene glycol (973 cm™?) will pro-
duce a stronger absorption when the polarized radiation electric
field is aligned parallel to the polymer chain axis. A weak absorp-
tion is predicted for this band when the polarized radiation electric
field isaligned perpendicular to the PET polymer chain axis. Simi-
lar argumentspredict, for the out-of-plane phenyl C—H vibrational
bands (876 cm™1), the stronger absorption would be observed
when the electric field is aigned perpendicular to the polymer
chain and weaker absorption when the field is aligned parallel to
the polymer chain. If during the elongation of the PET fibers,
the molecules become aigned parallel to the fiber axis, then the
observed dichroic ratios are consistent with this model.

Three commercia polyester fibers having known draw ratios
were examined. Table 5 shows the dichroic ratios of eight bands
of interest at the three different draw ratios. The dichroic ratios
reported are the means of three independent measurements on rep-
licate fibers. As expected, the higher the draw ratio, the higher
the resultant molecular orientation. Figure 9 shows the dichroic
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FIG. 8—Diagram of chemical structure showing part of an extended
molecular chain of a polyester (PET) fiber.
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differences at 973 cm~* and 876 cm~* for two commercial fibers
with two different draw ratios. Because of the parallels observed
between data obtained from the commercial and laboratory
undrawn and drawn fibers, thedraw ratio used in the manufacturing
of an unknown fiber could be inferred from determination of its
dichroic ratio.

TABLE 4—Dichroic ratio results of a stretched single polyester
(6 denier) fiber.

-1
Elongation Wave Number, cm
Ratio 876 973 1376 1455 1505 1579 1960 3435

1.00 099 102 103 09 100 099 100 102
117 091 110 090 091 102 101 101 0098
134 082 191 066 108 140 163 117 085
151 071 287 066 114 135 144 119 084
1.67 067 317 052 105 128 143 114 079
184 055 333 05 101 129 148 124 085
2.00 052 364 071 104 144 155 115 0.78
217 045 385 068 104 136 145 108 0.74
2.34 054 39 060 114 144 169 122 086
2.50 068 236 061 103 141 156 105 074
2.67 064 226 068 104 150 164 099 0.76

TABLE 5—From three commercial polyester fibers produced at
different draw ratios, dichroic ratio calculated from eight different
wave numbers.

Dichroic Ratio
Frequency, Draw Ratio = Draw Ratio = Draw Ratio =

cm™1t 272 3.19 3.98

876 0.49 0.43 0.40

973 131 1.64 1.75
1376 0.75 0.64 0.56
1455 1.04 1.06 114
1505 1.30 149 157
1579 1.36 1.49 158
1960 1.04 0.96 118
3435 0.64 0.63 0.58
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FIG. 9—Polarized spectra at 973 cm~* and 876 cm~* for polyester. The upper two spectra have a draw ratio of 3.19 (1la = parallel, 1b =
perpendicular) and the lower two spectra have a draw ratio of 2.72 (2a = parallel, 2b = perpendicular). The dichroic ratio increased 25.2% at 973

cm~*and decreased 12.5% at 876 cm™ 1.
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During the commercial fiber manufacturing process, drawing is
carried out at the elevated temperatures, and much higher draw
ratios are produced than could be achieved by stretching undrawn
fibers at room temperature. Although the draw ratios for the com-
mercia fibers were much greater than those from the controlled
laboratory experiments, the dichroic ratio values shown in Table
5 are comparable with those in Table 4. Although the processes
for the commercial and laboratory drawing were different, the
degree of molecular orientations were similar.

Summary

A method for the measurement of infrared dichroic ratios was
developed and tested to advance forensic fiber comparisons. The
direction and magnitude of the dichroic ratio response of a single
fiber to stretching wererevealed in this study by controlled system-
atic experimentation. A miniature device suitable for stretching
single fibers was designed and fabricated to allow measuring the
elongation and infrared dichroism of a single fiber on the micros-
pectrometer stage.

Themodel chosen for preliminary single-fiber stretching experi-
ments was acrylic (polyacrylonitrile) fibers. This was used to test
the response of single fiber dichroic ratio data to the theory
advanced by Fraser. Single-fiber measurements on the acrylic
fibers were consistent with the predicted orientation of nitrile
groups resulting from fiber stretching.

Polarized infrared microspectroscopic data were collected for
3 and 6 denier polyester fibers when stretched under |aboratory
conditions. Starting with undrawn fibers, the progression of
changesin thedichroic ratio was followed for each of eight absorp-
tion bands during elongation. The dichroic ratios for the individual
bands were functions of the elongation ratios. The 973 cm~? band
showed the greatest increase with elongation, and the 876 cm™?
band showed the greatest decrease. These changes were consistent
with the orientation of the long chain axis of the polyester mole-
cules being aligned paraldl to the fiber axis.

Commercial polyester fibersat three different known draw ratios
were used to obtain dichroic ratios at the same eight frequencies.
These commercial fibers produced comparable dichroic ratio data.

This work includes original experiments that allowed dichroic
ratios to be determined with the infrared microspectrometer at pro-
gressive stages of elongation of asingle fiber at multiple frequen-
cies. The results from this study and experience in using polarized
FT-IR microspectroscopic techniques will alow investigation of
the potential classification of fibers having the same chemical com-
position by using multidimensional dichroic ratio profiles.
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