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ABSTRACT: The diffusion of fluorescein into nylon-66 fibers has been studied for the first time by laser
scanning confocal microscopy (LSCM). LSCM makes it possible to noninvasively obtain high-resolution
three-dimensional images of the spatial distribution of dyes (fluorescein) in fibers dyed for various length
of times. Integration over the dye distribution yields the total amount of dye in the fiber, which is found
to be in close agreement with that determined by UV-vis spectrophotometry after dissolving the fibers.
Thus, the diffusion coefficients determined noninvasively by LSCM ((6.9 ( 1.0) × 10-11 cm2/s) and the
destructive traditional means ((7.8 ( 1.9) × 10-11 cm2/s) also agree. The LSCM method has several
significant advantages. Among these are its speed, nondestructive nature, and the ability not only to
determine the total dye content of the fiber but also to image the dye distribution profile across the fiber
diameter. This latter ability is demonstrated to be important to understanding the visual appearance of
dyed fibers and fabrics. Two fibers, one ring-dyed and one uniformly dyed, each with the same over all
dye content, show remarkably different shades of color. The ring-dyed fiber is lighter, an observation
confirmed by the reflectivities measured for each fiber, which were in the ratio ring-dyed/uniformly dyed
) 2/1. LSCM observation of dyed fibers provides us not only with a means to measure the dye diffusion
coefficient in the fiber, but also the time-dependent, three-dimensional distribution of dye molecules.

Introduction

The appearance of certain kinds of defects in fabrics
has been a problem for many years, in particular, the
appearance of streaks. Streakiness results from a small
absolute variation of lightness and is an objectionable
feature for human observers. The amazing fact, how-
ever, is that the variation in lightness that causes
streaks is hardly measurable by instruments. McGregor
et al.,1 observed that extremely low variations in
luminance of randomly varying parallel stripes (an
oversimplified model for a fabric) can cause objection-
able streaky appearance (Figure 1). Such low variations
in reality could be caused by a number of factors which
include, variations of the dye concentration in the fiber,
spatial distribution of the dye in the fiber, shape of the
fiber cross-section, the diameter of the fiber, spectral
shifts of the dye due to the physical environment it finds
itself in, and factors related to the human visual system.

Studies of dye diffusion have been carried out in the
past with the hope that some understanding can be
gained about the appearance of defects. However, many
of the methods are destructive techniques and are ill-
suited for obtaining the spatial distribution of the dye
molecules in a fiber. In a typical experiment, the fiber
bundle is dyed under appropriate conditions and the
amount of dye uptake as a function of time is measured.
This can be easily accomplished by dissolving the fibers
removed at regular time intervals, combined with the
use of UV-visible absorption measurements of dye
concentration. This process is rather tedious and time-
consuming. Measurement of the concentration profile

of the dye in the fiber using microspectrophotometry
provides an alternative approach. However, there are
two problems associated with this method: the difficulty
of identifying the edge of the fiber and the possibility
of dissolution of dye in the embedding materials. Both
problems will introduce considerable error in the con-
centration profile and hence in the diffusion coefficient.
Furthermore, these destructive techniques cannot be
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Figure 1. Demonstration of streakiness in textile fabrics.
Top: reflectance variation is 0.7%. Bottom: reflectance varia-
tion is 2.1%. The appearance of streaks is due to a small
variation in the reflectance, which can be affected by a variety
of factors.
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used in situations where fibers are under tension or
during the process of forming internal or external cracks
in the fiber. In conventional fiber dyeing measurements,
information concerning the orientation of the dye mol-
ecules, the spectral characteristics of dye molecules, or
the spatial distribution of the dye in the fiber cannot
be obtained.

The appearance of a fiber depends primarily on how
light interacts with the fiber. This interaction deter-
mines the amount of light that is reflected by the fiber,
which in turn affects the appearance of the fiber. The
shape of the fiber cross section can have a major impact
on the appearance properties of the carpet or fabric
made from the yarn,2,3 and nonround fibers are fre-
quently used because of their effect on the appearance
of the final product. Therefore, it is important to have
a three-dimensional image of the fiber for computations
of reflectivity. The reflectivity of a fiber with a given
shape can then be easily computed based on geometrical
optics, primarily by the use of ray-tracing methods. In
the past, it has been quite difficult to obtain a good
three-dimensional image of the fiber for modeling
purposes when fibers have a shape other than an
infinite cylinder. Such three-dimensional images can
easily be obtained using a laser scanning confocal
microscope (LSCM). A three-dimensional image of a
trilobal nylon fiber is shown in Figure 2, obtained using
an LSCM. To obtain this image, 95 xy sections at
different z positions were accumulated for the recon-
struction of the three-dimensional image. Since the
image was acquired using the LSCM in the fluorescence
mode, the fiber was dyed with fluorescein, a commonly
used and widely studied fluorescent dye.

Despite the extensive use of LSCM in the biological
sciences, its use in materials science is not nearly as
extensive. LSCM has been used to image colloidal
crystals in 3D4-6 and to study the morphology of
polymers,7-9 and phase separation of polymer blends.10-14

The essential advantage of an LSCM is its ability to
discriminate against unwanted out-of-focus light that
limits a normal light microscope from obtaining a three-
dimensional image of a transparent object.15-17 This is
accomplished by scanning a tightly focused light source
in a single plane that is thin compared to the sample

thickness. The ability to discriminate against out-of-
focus light is due to the fact that the detection system
is confocal to the illumination, thereby only a single
location in the specimen is imaged at any given time.
Since the confocal aperture admits light only from the
focal plane of interest, a very thin slice (x-y projection)
can be obtained simply by scanning the beam in the x-y
plane. Since each point in a focal (image) plane is
examined individually, the in-plane or spatial resolution
is enhanced, with achievement of a ∼200 nm resolution
being typical, while the axial (z) resolution is around
500 nm. The z-resolution is dependent on a number of
parameters that include the size of the confocal aperture
and the numerical aperture of the objective used for
imaging.15,16 Since the images of the 2D (x-y image)
sections are obtained in digital form, several successive
optical sections can be used to construct a 3D image of
the object.

Study of diffusion processes using an LSCM is still
in its infancy. However, there have been a few studies
devoted to the diffusion of tracer molecules18-23 using
an LSCM, primarily using fluorescence recovery after
photobleaching type experiments to determine the
mobility. Application of LSCM studies to fibers is almost
nonexistent with the exception of a conference proceed-
ing24 where polyester microfibers were imaged using a
confocal microscope. The observations reported were
mainly qualitative in nature. Here, we report on the
quantitative application of laser scanning confocal mi-
croscopy to the study of diffusion of tracer molecules into
a solid (polymer) fiber. The results demonstrate that the
spatial distribution of the dye is more important than
the total amount of dye in the fiber with regard to the
appearance of color and yield in the fiber. We are not
only able to measure the diffusion coefficient of the dye
but also able to discern the orientation of the dye mole-
cules25 and, of course, their spatial distribution, which
prove to be very important in the perception of color.

Experimental Section

Nylon 66 fibers were dyed with fluorescein (0.1 g/L, pH 6)
in an infinite dyebath at 95 °C. An infinite dyebath refers to
a dyebath where the concentration of the dye does not change
due to the process of dyeing. The pH was maintained using a

Figure 2. 3-D reconstruction of a trilobal nylon fiber dyed with fluorescein, a fluorescent dye molecule. 95xy sections were imaged
for the 3-D reconstruction.
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phosphate buffer (0.1 M). Nylon 66 fibers were obtained from
Monsanto Chemical Corp. The fibers were subjected to an
autoclave treatment to provide dimensional stability during
the dyeing process. The average diameter of the fiber was 30
µm with a variation of about 1 µm.

The infinite dyebath dyeing of the fibers was carried out in
an Ahiba Texomat GVIIB dyeing system. The dyeing system
has 12, 400-mL dyeing beakers, with an Ahiba 1000 control
unit that controls the temperature of the dyebath, agitation
speed, and heating/cooling rates. The dyebath exhaustion was
less than 2% and hence can be considered to be negligible. The
concentration of fluorescein in the fiber was determined by
dissolving the fibers in formic acid and measuring the absor-
bance of the formic acid solutions using a UV-visible spec-
trophotometer. Fluorescein is a commonly used dye with its
maximum excitation at 490 nm.

The fibers were imaged using a Leica DMRBE LSCM which
was equipped with three laser systems: an Ar ion (488 and
514 nm), Kr ion (568 nm), and a He-Ne (632.8 nm). For the
purposes of imaging, the 488 nm line of the Ar-ion laser was
used in conjunction with a 40× NA 1.25 oil immersion
objective. Data provided by Leica indicate that the axial and
lateral resolutions are 0.37 and 0.16 µm, respectively, although
we have not independently measured the resolution. For the
present work resolution is not as critical since the features
that are being imaged are quite large. The images were
quantified and analyzed into fluorescent intensity profiles by
using Leica TCS NT software. Several fibers (∼8) were imaged
to ascertain that the data are reproducible, and we report
typical results in this paper. Measurements were also made
at several positions along the length of a given fiber to make
sure that we obtained a good representation of concentration
profiles.

The microscope can be used to image in various scanning
modes which include a planar section (xy scan), a vertical
section (xz scan), and time-dependent imaging modes. For
much of the work reported in this study the images were
obtained using the xz-scan, thus providing an optical cross
section of the object under study. Each xz-scan data set shown
in this study represents an average of four scans and some-
times the averaging was done over eight scans. However, it
was found that such averaging was not essential. From the
optical cross sections the intensity profile of the fluorophore
was converted to a concentration profile of the dye molecules
used in the dye diffusion experiments.

To minimize the aberrations that degrade the image, the
refractive index of the object needs to be matched closely with
that of the immersion oil for the objective and the mounting

medium for the specimen. Since we used nylon fibers which
are anisotropic in nature, the refractive index of the mounting
medium was matched to the ordinary refractive index of the
fiber (the refractive index perpendicular to the axis of the
fiber). The effect of abberations degrading the image of
polymeric fibers will be discussed in detail elsewhere.26

However, Figure 3 illustrates the outcome of poor refractive
index matching, where one of the images appear to be
squashed (the image on the left). This occurs because the
imaging was done with the fiber in air, thus leading to
spherical abberations which distorts the true shape of the
cylindrical object (the fiber that is being imaged). Refractive
index matching is essential for obtaining good quality images
while it also prevents extraneous effects such as light guiding
by the fiber.

Another source that usually degrades the image in a LSCM
is fluorescence saturation. In all the measurements that are
reported here, we have made the implicit assumption that
fluorescence is a linear process; that is, the emitted fluores-
cence intensity is linearly dependent on the illumination
intensity. It has been shown that it is quite easy to saturate
a fluorophore in a confocal microscope simply because of the
way the imaging is done.27 Since a laser beam is focused to a
diffraction limited spot for imaging, 1 mW of radiant power is
enough to saturate the fluorophore, this being particularly true
for a high NA objective. Much of the imaging done in this study
uses 0.04 mW of radiant energy for the laser light source as
measured with a laser power meter at the sample plane prior
to scanning.

Measurements of the spectral reflectance of the individual
fibers were done with the use of a Zeiss microspectrophotom-
eter. The spot size for measurement was 10 µm.

Results and Discussion

The process of fiber dyeing can be considered to occur
in three stages: the diffusion of dye molecules from the
solution to the surface of a fiber and the adsorption of
the dye molecules on the surface, which is followed by
the diffusion of the dye to the fiber center. Of the three
stages, diffusion of dye molecules inside the fiber is the
rate-determining step, therefore making the study of
dye diffusion in fibers of fundamental importance and
the determination of dye diffusion coefficients essential.
One of the most common methods to study dye diffusion
is to perform an infinite dyebath dyeing in a very well
stirred dyebath, in which the dye concentration is a

Figure 3. Cross section images of nylon 66 fibers obtained using a 20× NA0.7 objective (left) and a 40× NA1.25 oil objective
(right). The perpendicular refractive index of nylon 66 fiber is the same as that of the mounting medium, 1.52, which is identical
to that of the immersion oil used for the 40× objective. The scale bar represents 10 µm.
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constant. By determination of the amount of dye uptake
at given intervals of time, the diffusion coefficient can
be calculated from Hill’s solution to Fick’s second law

of diffusion and can be written as28

where Ct is the dye concentration at time t, C∞ is the
dye concentration at the equilibrium state, A, B, E, etc.,
are known numerical constants, and K ) Dt/r2, with D
as the diffusion coefficient and r as the radius of the
fiber. The diffusion coefficient D can be calculated from
Hill’s solution if the ratio of Ct/C∞ is obtained. Tradition-
ally Ct and C∞ are determined individually from the
absorbance of the solutions of dissolved fibers removed
from the dyebath at various times t and ∞.

Hill’s solution to the diffusion equation is valid under
the following assumptions: diffusion from the ends of
the cylinder is negligible, concentration of the diffusing
species is constant during the entire dyeing process, and
the adsorption of the dye onto the fiber surface is
instantaneous and remains a constant during the dif-
fusion process. Since the fibers were long (several
meters in length), diffusion from the ends of a 30 µm
fiber can be neglected. Diffusion measurements were
carried out under the conditions of an infinite dyebath
(with less than 2% change in the concentration of the
dyebath), thus validating the second assumption used
in Hill’s solution of Fick’s second law. It was, however,
found that the surface concentration did not reach the
value of the dyebath instantaneously.29 However, the
difference between the concentration of dye at the
surface of the fiber and that of the dyebath is not
substantial enough to affect the results reported here.
Consequently, most of the assumptions that go into
Hill’s solution are valid for our study.

Figure 4. Plot of dye concentration in the fiber as a function
of the time of dyeing. The nylon 66 fiber was dyed with
fluorescein in an infinite dyebath at pH 6, 95 °C, and the dye
concentration in the dyebath was 0.1 g/L.

Figure 5. Direct fit using the truncated version of eq 2 for
the data shown in Figure 4, limiting the truncation to 10
terms. The solid line is the fit, and the filled circles are the
data points.

Figure 6. Images of fiber cross sections. The average diameter of the fiber is 30 µm. Nylon 66 fiber was dyed with fluorescein
in an infinite dyebath for 4, 16, 64, and 256 min. The dyebath was pH 6, 95 °C, and the dye concentration was 0.1 g/L.

Ct

C∞
) 1 - Ae-BK - Ee-FK - Ge-HK... (1)
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In the fiber-dyeing process, the amount of dye mol-
ecules transferred from the dyebath solution into the
fiber is a function of dyeing time. As shown in Figure
4, the dye concentration in the fiber increased quickly
at the beginning of dyeing and gradually reached
equilibrium. The concentrations of fluorescein in the
fibers were determined by measuring the absorbencies
of the dissolved fibers in formic acid using an UV-vis
spectrophotometer. After the fiber was dyed for about
200 min, the dye concentration in the fiber became
saturated and reached equilibrium dyeing. Therefore,
C∞ can be obtained, and the diffusion coefficient can be
calculated from Hill’s solution of the diffusion equation.
Knowing the ratio Ct/C∞ from experiments, the value

of K ()Dt/r2) can be read from tables or a plot of Ct/C∞
vs K for various K ranges for each individual reduced
concentration.28 Such a measurement provides an aver-
age diffusion coefficient of (7.8 ( 1.9) × 10-11 cm2/s. The
seemingly large variation (∼24%) comes from the fact
that a number of fibers are weighed to determine the
dye uptake in the fiber in the diffusion experiments. It
is also conceivable that all the fibers used for obtaining
the concentration may not have identical diameters
which will lead to inaccuracies in the diffusion coef-
ficient.

Hill’s solution to Fick’s second law is based on the
following equation from Crank30

where the Rn’s are defined through

Jo is the zero-order Bessel function of the first kind, and
rRn are the roots of Jo. An alternative method for
extracting a diffusion coefficient from Ct vs t data (as
in Figure 4) involves a direct fit of a truncated version
of eq 2 to the data, from which D and C∞ are obtained.
Such a fit to a 10-term version of eq 2 is displayed in
Figure 5, and yields D ) (11.7 ( 1.8) × 10-11 cm2/s and
C∞ ) 1.36 g dye/kg fiber. This D value compares well
with the average value obtained from Hill’s solution.
The uncertainty in the D value is typical for a sparse

Figure 7. Plot of fluorescence intensity (arbitrary unit) as a
function of fluorescein concentration in the fiber (g/kg). Nylon
66 fiber was dyed with fluorescein. Fluorescence intensity is
linearly proportional to the fluorescein concentration in the
fiber when the concentration is lower than 5 g/kg.

Figure 8. Top: image of fiber cross section and the fluorescence intensity across the fiber diameter when fiber dyed for 4 min.
Bottom: image of fiber cross section and the fluorescence intensity across the fiber diameter when fiber dyed for 256 min. Nylon
66 fiber was dyed in an infinite dyebath at pH 6 and 95 °C. The dyebath concentration was 0.1 g/L.

Ct

C∞

) 1 - ∑
n ) 1

∞ 4

r2Rn
2

exp(-DtRn
2) (2)

Jo(rRn) ) 0 (3)

4482 Song et al. Macromolecules, Vol. 33, No. 12, 2000



and scattered data set such as this. The direct fit of Ct
vs t data to eq 2 probably yields a more reliable value
of D than the point-by-point method, since all the data
is regressed simultaneously, and errors associated with
reading values from the graph of Hill’s solution are
avoided. It also provides a best-fit value for C∞.

The curve fit for the 10-term approximation in Figure
5 does not go through the origin due to series truncation
errors. This solution to Fick’s second law is designed to
converge rapidly at long times, and many more terms
would have to be added to the equation to move the
intercept closer to the origin. However, this does not
affect the value of D obtained. Fitting a 4-term ap-

proximation to the series to the data yields the same D
value to three significant figures.

Conventional study of dye diffusion determines the
total amount of dye uptake or the average dye concen-
tration in the fiber without details of the dye diffusion
process, such as the local dye concentration or the
spatial distribution of dye molecules in the fiber and
their changes during the dyeing process. This process
is tedious, time consuming and unable to provide the
spatial distribution of dye in the fiber. In this work, we
provide an elegant alternative method to study dye
diffusion in fibers by using an LSCM. In this method,
the spatial distribution of dye molecules in fibers and
the diffusion coefficient of the dye can be quickly
determined. To our knowledge this is the first report of
using a LSCM to study dye diffusion in polymeric fibers.

The most significant advantage of LSCM is the ability
of optical sectioning. By using an LSCM, the optical
cross section of a fiber can be easily obtained as well as
the dye spatial distribution in the fiber if the fluorescent
intensity is considered linearly proportional to the
fluorescein concentration in the fiber. Figure 6 shows
dye spatial distribution in fibers during the dyeing
process. At the beginning of dyeing, the fluorescent
intensity is higher near the fiber surface and becomes
uniform only when dyeing reaches equilibrium.

To quantify the data shown in Figure 6, one must
convert the intensity profile to a concentration profile.
The measured intensities were converted to a concen-

Figure 9. Measurement of reflectance from nylon 66 single
fibers dyed with fluorescein shows that the ring-dyed fiber has
higher reflectance than the uniformly dyed fiber with the same
concentration in the fiber.

Figure 10. Images of fiber cross sections and fluorescence intensity profiles across fiber diameter for ring-dyed (top) and uniformly
dyed (bottom) fibers. Both fibers have the same total dye concentration. The ring-dyed fiber appeared lighter than the uniformly
dyed fiber.
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tration with the assumption that the intensity is
linearly proportional to the concentration. The linear
relationship between the integrated fluorescent inten-
sity and the concentration of fluorescein in a fiber is
demonstrated in Figure 7. It is clear that the above
assumption is valid as long as the concentration is less
than about 5 g/kg. In the experiments reported herein,
the maximum dye concentration was 1.4 g/kg, thus
providing data in the linear region of Figure 7.

However, there are at least two important factors that
contribute to inaccuracies in quantification of the in-
tensity data to concentration: (a) fluorescence satura-
tion and (b) photobleaching. To make quantitative
measurements, we have implicitly made the assumption
that the fluorescence is a linear process in that the
emitted fluorescence is linearly proportional to the
illuminating laser intensity. It has been well docu-
mented that saturation of a fluorophore can affect the
quality of the image and lead to false quantification
data.27 Fluorescence saturation occurs when the exciting
illumination is so intense that a significant fraction of
the fluorophores are in the excited state and are no
longer able to respond to the incident intensity. In our
imaging care was taken to keep the intensity of the
illuminating laser below the saturation threshold of
fluorescein by ascertaining that the emission was twice
as much when the illumination intensity was doubled.
On the basis of the observation of linearity of emission
with respect to the illumination intensity, we believe
that the phenomenon of saturation is not a problem in
our imaging and quantification.

Effects of irreversible photobleaching were avoided by
using multiple scanning at low laser powers and also
with the use of the photomultiplier tube of the LSCM
at fairly high gains so that the signal-to-noise ratio was
high.

When the integrated fluorescent intensity is linearly
proportional to dye concentration in the fiber, the ratio
of concentrations Ct/C∞ will be equal to the ratio of
integrated fluorescent intensities, which can be obtained
from the total integrated area of the fluorescent inten-
sity profiles. Therefore, the concentration ratio Ct/C∞
was obtained from the fluorescent intensity profiles of
the fibers dyed for 4 min and 256 min (Figure 8), and a
diffusion coefficient of (6.9 ( 1.0) × 10-11 cm2/s is
calculated from Hill’s solution. This result is also in close
agreement with the values cited above, thus demon-
strating the validity and the value of the approach
presented here.

The diffusion coefficient measured by the conventional
method is based on yarn, which consists of a number of
individual fibers. The rate of dye diffusion can be
different between the individual fibers and that may
contribute to the streakiness of textile fabrics. The
diffusion coefficients measured by LSCM are based on
the individual nylon fibers, however, they are in close
agreement with the diffusion coefficients measured from
the nylon yarn. Therefore, differences in the rates of dye
diffusion between individual yarn fibers is unlikely a
major factor to influence the streakiness of a fabric.

It has been reported that ring-dyed fibers have higher
color yield and appear deeper in shade than homoge-
neously dyed fibers with the same overall dye con-
centration.31-33 This indicates that the dye spatial
distribution in the fiber can cause differences in the
perceived color. We obtained two pieces of nylon yarns,
both dyed with fluorescein and having the same total

dye concentration, but the color appearance is different.
The reflectance measured from the single fibers by a
microspectrophotometer is shown in Figure 9, and
LSCM images of cross section of these two fibers are
shown in Figure 10. The fiber with the higher reflec-
tance has the ring-dyed spatial distribution and the fiber
with lower reflectance has the uniformly dyed spatial
distribution. This implies that the ring-dyed fiber with
the same concentration of dye as the uniformly dyed
fiber absorbs less light. The uniformly dyed fiber was
obtained by placing the ring-dyed fiber in a blank dye
bath containing no dye at 95 C for 24 h. Measurements
of refractive index, birefringence, and orientation dis-
tribution of dye molecules and polymer chains in each
fiber indicated no significant difference between them,
and no fluorescence spectral shift for the dye was found
either.25 This suggests that the color difference between
the ring-dyed and uniformly dyed fibers, with the same
total dye concentration in the fiber, is unlikely to be
caused by variations in the physical properties or
morphologies of the fibers. Instead, the spatial distribu-
tion of dye molecules in these fibers is the apparent
reason for their different color yields and possibly a
cause of streakiness in textile fabrics.

Conclusions
We have applied LSCM as a new nondestructive

method to study dye diffusion behavior in fibers. This
technique is simple and quick. It is able to provide high-
resolution images of the fiber cross-section, quantitative
measurement of the diffusion coefficient and 3D images
of the dye distribution inside the fiber. The diffusion
coefficient of fluorescein in nylon 66 fiber measured by
LSCM agreed with the result from the conventional
method. We have provided evidence that spatial distri-
bution of dye molecules in a fiber can cause differences
in the perceived color even if the fibers have the same
dye concentration, and this has significant implications
for dyed fabrics.

Acknowledgment. We are grateful for the as-
sistance provided by Prof. Nina Allen at NC State
University and Dr. Carl Chiulli of the Polaroid Corpora-
tion. We have also benefited from discussions with Prof.
Hawthorne Davis of NC State University. We thank
Prof. Richard Aspland for catching a critical error in the
paper. We are grateful to the National Textile Center
(Department of Commerce), for financial support of this
work.

References and Notes

(1) Davis, H.; McGregor, R.; Pastore, C.; Timble, N. Human
perception and fabric streakiness. Text. Res. J. 1996, 66, 533-
544.

(2) Rubin, B. Tailored fiber cross sections. Adv. Mater. 1998, 10,
1225-1227.

(3) Rubin, B.; Kobsa, H.; Shearer, S. M. Prediction and verifica-
tion of an iridescent synthetic fiber. Appl. Opt. 1997, 36,
6388-6392.

(4) Ito, J. T.; Yoshida, H.; Ise, N. Void Structure in Collodial
Dispersions. Science 1994, 263, 66.

(5) Blaaderen, A. V.; Ruel, R..; Wiltzius, P. Real-space structure
of colloidal hard-sphere glasses. Science 1995, 270, 1177.

(6) Blaaderen, A. V.; Ruel, R.; Wiltzius, P. Template-directed
colloidal crystallization. Nature 1997, 385, 321.

(7) Ling, X.; Pritzker, M. D.; Byerley, J. J.; Burms, D. M. J. Appl.
Polym. Sci. 1997, 67, 149.

(8) Li, L.; Sosnowski, S.; Chaffey, C. E.; Balke, S. T.; Winnik,
M. A. Surface morphology of a polymer blend examined by
laser confocal fluorescence microscopy. Langmuir 1994, 10,
2495.

4484 Song et al. Macromolecules, Vol. 33, No. 12, 2000



(9) Hirokawa, Y.; Jinnai, H.; Nishikawa, Y.; Okamoto, T.; Hash-
imoto, T. Direct Observation of Internal Structures in Poly-
(N-isopropylacrylamide) Chemical Gels. Macromolecules 1999,
32, 7093-7099.

(10) Jinnai, H.; Koga, T.; Nishikawa, Y.; Hashimoto, T.; Hyde, S.
T. Curvature determination of Spinodal Interface in a
Condensed Matter System. Phys. Rev. Lett. 1997, 78, 2248-
2251.

(11) Ribbe, A. E.; Hashimoto, T. Real Space Analysis of the
structural evolution of a polymer blend via spinodal decom-
position. Macromolecules 1997, 30, 3999-4009.

(12) Ribbe, A. E.; Hashimoto, T.; Jinnai, H. Complex Image
generation in the laser scanning confocal micrsocope of a
polymer blend system. J. Mater. Sci. 1996, 31, 5837-5847.

(13) White, W. R.; Wiltzius, P. Real-Space measurement of
structure in Phase-separated mixtures. Phys. Rev. Lett. 1995,
75, 3012-3015.

(14) Ribbe, A. E. Laser Scanning Confocal Microscopy in Polymer
Science. Trends Polym. Sci. 1997, 5, 333-337.

(15) Wilson, T. Optical Aspects of Confocal Microscopy. In Confocal
Microscopy; Wilson, T., Ed.; Academic Press: New York,
1990.

(16) Inoue, S. Foundations of Confocal Scanned Imaging in Light
Microscopy. In Handbook of Biological Confocal Microscopy,
2nd ed.; Pawley, J. B., Ed.; Plenum: New York, 1995.

(17) Brakenhoff, G. J.; van Spronsen, E. A.; van der Voort, H. T.
M.; Nanninga, Three-Dimensional Confocal Fluorescence
Microscopy. Methods Cell Biol., Part B 1989, 30, 379-398.

(18) Kim, H. B.; Hayashi, M.; Nakatani, K.; Kitamura, N.; Sasaki,
K.; Hotta, J-i.; Masuhara, H. In situ Measurements of Ion-
Exchange Processes in Single Polymer Particles: Laser
Trapping Microspectroscopy and Confocal Fluorescence Mi-
crospectroscopy. Anal. Chem. 1996, 68, 409-414.

(19) Blonk, J. C. G.; Don, A.; Aalst, H. V.; Birmingham, J. J.
Fluorescence photobleaching recovery in the confocal scan-
ning light microscope. J. Microsc. 1993, 169, 363-374.

(20) Cutts, L. S.; Roberts, P. A.; Adler, J.; Davies, M. C.; Melia,
C. D. “Determination of localized diffusion coefficients in gels
using confocal scanning laser microscopy.” J. Microsc. 1995,
180, 131-139.

(21) Kubitscheck, U.; Wedekind, P.; Peters, R. Lateral diffusion
measurements at high resolution by scanning microphotolysis
in a confocal microscope. Biophys. J. 1994, 67, 948-956.

(22) Kubitscheck, U.; Wedekind, P.; Peters, R. Three-dimensional
diffusion measurements by scanning microphotolysis. J.
Microsc. 1998, 192, 126-138.

(23) Wedekind, P.; Kubitscheck, U.; Peters, R. Scanning micro-
photolysis: a new photobleaching technique based on fast
intensity modulation of a scanned laser beam and confocal
imaging. J. Microsc. 1994, 176, 23-33.

(24) Clerck, K. D.; Kiekens, P.; Oostveldt, P. V. Investigation into
the dyeing of ployester microfibers. State of the art and
possible new perspectives: e.g. the use of confocal laser
scanning microscopy. Presented at the 17th IFTCC Congress,
Vienna, June 5-7, 1996.

(25) Song, Y.; Srinivasarao, M.; Tonelli, A. E. Study of the
orientation of dye molecules in a polymer fiber. Manuscript
in preparation.

(26) Song, Y.; Srinivasarao, M.; Tonelli, A. E. Mismatch of
refractive index and abberation in LSCM images of polymer
fibers. Manuscript in preparation.

(27) Vissher, K.; Brakenhoff, G. J.; Visser, T. D. Fluorescence
Saturation in Confocal Microscopy. J. Microsc. 1994, 175,
162-165.

(28) Hill, A. V. Proc. R. Soc. London 1928, 104B, 39.
(29) Ye Song. Study of Dye Diffusion in Fibers by Laser Scanning

Confocal Microscopy. Ph. D Thesis, North Carolina State
University, 1999.

(30) Crank, J. The Mathematics of Diffusion, 2nd ed.; Oxford
Science Publications Clarendon Press: New York 1995.

(31) Goldfinger, G.; Allen, E. H. The effect of ringdyeing on the
color of fibers. J. Appl. Polym. Sci. 1973, 17, 1627-1629.

(32) Goldfinger, G.; Lau, K. C.; McGregor, R. The effect of the
distribution of colorant on the color of fibers. J. Polym. Sci.
1973, B11, 481-484.

(33) Goldfinger, G.; Lau, K. C.; McGregor, R. The effect of the
distribution of colorant on the color of fibers. J. Polym. Sci.
1974, 18, 1741-1751.

MA991584W

Macromolecules, Vol. 33, No. 12, 2000 Dye Diffusion in Fibers 4485


