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ABSTRACT: The pattern change in a laminar flow of mol-
ten polycarbonate in a disk mold was experimentally inves-
tigated by altering the flow velocity. By use of a light-
scattering method, a radial pattern characterized by a peri-
odic array of needlelike regions and the matrix was found to
form as the flow velocity was increased. The density distri-
bution of the polycarbonate molecules was an essential fac-
tor for pattern formation. As a result of the formation of this
pattern, it was found that the boundaries between the
needlelike regions and the matrix emitted weak fluorescence
in the wavelength range of 600-700 nm under laser irradi-

ation. An analysis indicated that transitions between excited
7 electron states in the phenylene groups were the sources of
this fluorescence and that a key factor behind its occurrence
was a decrease in the molecule density at the boundaries.
These results reveal that the radial-pattern formation
changes the fluorescence property of polycarbonate in the
visible and near-infrared regions. © 2004 Wiley Periodicals, Inc.
J Appl Polym Sci 92: 468-473, 2004
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INTRODUCTION

Polymer products made by injection molding exhibit a
variety of patterns depending on their fabrication con-
ditions. It is well known that variation of the injection-
molding conditions causes pattern changes that pro-
duce differences in the physical properties of polymer
products. The relation between pattern formation and
functionality is therefore an important issue for poly-
mer products to obtain the target properties.
Recently, we found that a radial pattern appears in
the polycarbonate (PC) substratum of optical disks."
This radial pattern is characterized as a periodic array
of needlelike regions having a thin film shape and the
matrix in the radial direction of the disks. It is note-
worthy that the density of PC molecules decreases at
the boundaries between the needlelike regions and the
matrix, which implies that the periodic density distri-
bution of PC molecules is essential to form the radial
pattern. As is well known, the PC substratum is made
by an injection-molding process in which the molten
PC is injected from the center of the disk mold, fol-
lowed by rapid cooling to room temperature.”® Thus,
the formation of such a pattern is of high interest in
terms of the flow dynamics of the molten PC in the
disk mold. In addition, the PC substratum is required
to have good transparency to the laser beam that is
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utilized to record and play back the sound and images
on an optical disk. Our interest is therefore focused on
the relation between the radial-pattern formation and
the change in the optical response of PC disks to laser
irradiation because of the density distribution of PC
molecules.

In this article, we will describe the change in the
patterns observed experimentally for PC disks in re-
lation to the change in the injection conditions. Be-
cause one important parameter controlling the mol-
ten-PC flow in the disk mold is the flow velocity in the
injection-molding process, the change in the patterns
was induced by altering the velocity. We further show
that weak fluorescence is emitted from the boundaries
between the needlelike regions and the matrix in the
radial pattern under irradiation by a visible laser
beam. These experimental results clearly indicate an
example where the pattern appearing in a PC disk
actually changes the optical properties of PC products.
The details of the experimental conditions and the
results will be described below.

EXPERIMENTAL

PC powder with an average molecular weight of
about 15,000 was melted at 573 K. Figure 1 shows
schematic diagrams of the injection-molding system
used in the present work and the flows of the molten
PC in planar and cross-section views. Molten PC is
injected from the center of the disk mold, extends in
the radial direction, and then spreads along the cir-
cumference of the mold, as shown in Figure 1(a). It is
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Figure 1 Schematic diagrams of (a) the molten PC flow in
the disk mold, and (b) the flow as seen in a cross section of
the mold. The marks of the stamper are denoted, respec-
tively, as an indentation and a projection at the upper and
lower surface planes of the disk mold in (b).

known that the kinematic viscosity of molten PC is
about 1.0 m?/s at 573 K and that it is nearly indepen-
dent of the shear velocity near this temperature.”’
Thus, the present flow can be regarded as laminar
flow having a Newtonian nature. The radial flow in a
cross section is depicted in Figure 1(b). Note that an
indentation and a projection are present at the upper
and lower surface planes of the disk mold, which
correspond to the marks of the stamper used to sup-
port the molded disk. Injection velocities were varied
in a range of 50-300 mm/s.

The appearance of the pattern in the molten PC flow
was detected as follows. To freeze the pattern in the
flow, the disk mold was rapidly cooled to room tem-
perature after injection of the PC melt was finished.
Because the molecule density distribution is an essen-
tial factor in the formation of the pattern, a light-
scattering method is appropriate for pattern detection.
The PC disks were irradiated by a halogen lamp hav-
ing its main spectrum at 365 nm, and optical micro-
graphs of the pattern were taken with a charge-cou-
pled device camera by using the scattered light from
the PC disks. In the observation, a band-pass filter was
used to catch effectively the light scattered from the
PC disks.

Fluorescence spectra were measured by using both
a Nd-YAG laser (532 nm) and a He-Cd laser (442 nm)
as the incident beam together with a photodiode-grat-
ing system. Because the normal thickness of the
needlelike regions is less than 0.1 mm, flat planes were
made by polishing the PC disks to a thickness of about
0.1 mm. Cross sections for the measurement were
obtained by cutting the PC disks into a size of about 10
X 5 X 1 mm°.
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RESULTS
Formation of the radial pattern

First of all, we will explain the change observed in the
flow pattern in the disk mold by altering the flow
velocity. Figure 2 shows optical micrographs of the
flat planes of the PC disks. The disks were fabricated
by injecting molten PC at a velocity of 50 mm/s in
Figure 2(a), 150 mm/s in Figure 2(b), and 300 mm/s in
Figure 2(c), respectively. These disks will be referred
to here as the 50-disk, the 150-disk, and the 300-disk,
respectively. In the flat plane shown in Figure 2(a), no
pattern can be detected in the 50-disk. This indicates
that the density of the PC molecules did not fluctuate
in the disk to the extent that the incident light was
scattered. Note that PC has good transparency to vis-
ible and near-infrared light when it has a uniform
density distribution. In the micrograph in Figure 2(b),
on the other hand, periodic needlelike regions of about

Figure 2 Optical micrographs of the flat planes of PC disks
fabricated at injection velocities of (a) 50 mm/s, (b) 150
mm/s, and (c) 300 mm/s, respectively. These micrographs
were taken by using light scattered from the disks. Radial
patterns composed of needlelike regions can be observed in
the 150- and the 300-disks, while no pattern is detected in the
50-disk.
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Figure 3 Optical micrographs of the cross sections of PC
disks fabricated at the injection velocities of (a) 50 mm/s, (b)
150 mm/s, and (c) 300 mm/s, respectively. Band-shaped
regions around the indentation are observed only in the 150-
and the 300-disks. From an analysis of the contrast, the
band-shaped regions correspond to the needlelike regions
shown in the flat planes.

2 mm in width are observed near the center hole. The
end of the regions corresponds to the point where the
flow direction changes from radial to circumferential.
An important feature is that each needlelike region
gives rise to bright contrast, while the matrix exhibits
dark contrast. As was reported in our previous arti-
cle,! the boundaries surrounding the needlelike re-
gions scattered the light and the wavelength of the
scattering light was 400-680 nm (white light). The
number of the needlelike regions is about 70, with
each region extending in the radial direction from the
center hole. The radial pattern can also be detected in
the 300-disk shown in Figure 2(c). An important dif-
ference from the 150-disk is that the number of the
needlelike regions of the 300-disk is reduced to about
40, with each needlelike region being wider (about 3
mm) around the center hole. From these experimental
results, it is understood that the critical velocity
needed to form the radial pattern is about 100 mm/s.

An observation of cross sections along the radial
direction of the disks was also carried out. Figure 3
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shows the cross sections of the three types of disk. The
locations of the cross sections are indicated by the long
lines shown in Figure 2. In the 50-disk, no character-
istic pattern can be detected, as seen in Figure 3(a),
which can be expected from the result shown in Figure
2(a). In the cross section of the 150-disk shown in
Figure 3(b), a band-shaped region with a thin film
shape (the width was less than 0.1 mm) exists around
the indentation, 200 um below the upper surface. Be-
cause the band-shaped region exhibits bright contrast
due to light scattering, the region is understood to
correspond to one of the needlelike regions shown in
the flat plane. Thus, it is confirmed that the needlelike
regions have a thin film shape. A band-shaped region
corresponding to one needlelike region with a thin
film shape also formed in the cross section of the
300-disk [Fig. 3(c)]. The region in the 300-disk displays
almost the same features as that in the 150-disk. This
implies that the height of the needlelike regions is
independent of the injection velocity and that the lam-
inar nature of the molten-PC flow is preserved when
the velocity of the flow increases to 300 m/s.

Fluorescence emission

Because the appearance of the radial pattern was de-
tected in the 150- and the 300-disks, the optical behav-
ior of these disks was examined under laser irradia-
tion. Figure 4(a) shows a micrograph of a cross section
perpendicular to the radial direction of the 150-disk.
The micrograph was taken by irradiating the disk with
the Nd-YAG laser (532 nm) and the location of the
cross section is indicated by a short line in Figure 2(b).
We can see in the micrograph that only the boundary
between the needlelike region and the matrix exhibits
bright contrast. To examine the light giving rise to this
bright contrast at the boundaries, the light wave-
lengths were measured when the Nd-YAG laser irra-
diated the boundaries and the matrix. Figure 4(b)
shows the spectra obtained from both a boundary,
labeled as NY-B, and the matrix, labeled as NY-M, in
the cross section of the 150-disk. The measured loca-
tions are indicated in Figure 4(a). As can be seen in
Figure 4(b), there are no conspicuous peaks between
550 and 750 nm in the spectrum obtained from the
matrix, indicating that no light was scattered there. On
the other hand, there exist major sharp peaks at 628
and 709 nm as well as minor peaks at 597 and 617 nm
in the spectrum from the boundary, although the in-
tensities of all peaks are very weak. The detection of
these peaks implies that the boundary contrast shown
in Figure 4(a) originates from light rays at these wave-
lengths. It should be mentioned here that the existence
of these four peaks was also confirmed by measuring
the spectra in the flat plane of the 150-disk. From these
results, it is obvious that the boundaries and the ma-
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Figure 4 (a) Optical micrographs of a cross section ob-
tained by YAG laser irradiation. Only the boundary between
a needlelike region and the matrix gives rise to bright con-
trast. (b) Fluorescence spectra of the cross section of the
150-disk obtained under Nd-YAG laser irradiation. The no-
tations NY-B and NY-M denote a boundary and the matrix,
respectively. Four weak and sharp peaks can be seen in the
spectrum diagram. (c) Fluorescence spectra of the same sam-
ple obtained under He-Cd laser irradiation, where HC-B
and HC-M indicate a boundary and the matrix. Four peaks
having the same wavelengths as those in (b) are detected in
the diagram.

trix in the PC disk responded differently to laser irra-
diation.

To determine the origin of the peaks appearing at
the boundaries, measurements were also made by
changing the wavelengths of incident light (He-Cd
laser; 442 nm). Figure 4(c) shows the spectra obtained
from the boundary (HC-B) and the matrix (HC-M) in
the cross section of the 150-disk. The locations of the
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measurements are the same as those in the case of
Nd-YAG laser irradiation. In the spectrum obtained
from the boundary, sharp peaks are observed at 596,
617, 627, and 708 nm, whereas no peaks can be de-
tected in the spectrum from the matrix. An important
feature of the peaks is that the wavelengths are con-
sistent with those of the peaks obtained by Nd-YAG
laser irradiation. This implies that the locations where
the peaks appear are basically independent of the
wavelength of incident light. Thus, it is understood
that these peaks are caused by fluorescence, rather
than by light scattering such as Raman scattering.
Considering that the normal wavelength of the fluo-
rescence emitted from standard PC is about 320 nm,*~°
this fluorescence can be regarded as the effect of the
formation of boundaries with a low molecule density
due to the formation of the radial pattern. It should be
mentioned here that the appearance of four fluores-
cence peaks having the same features was confirmed
in the 300-disk, whereas no peaks were detected from
the 50-disk.

DISCUSSION
Pattern change in the molten-PC flows

The experimental results revealed that the radial pat-
tern formed with an increase in the injection velocity.
This implies that the pattern changes in the laminar
flow of molten PC in the disk mold under the present
injection conditions. We will characterize here the
present flow based on an estimation of the Reynolds
number (Re), which describes the bifurcation in the
flow of micromolecules (e.g., air and water),'’ al-
though the large degree of internal freedom of the
molecules making up the fluid complicates the flow
dynamics."''® The calculated Re of the flow around
the center hole is on the order of 107° at an injection
velocity of 50 mm/s and on the order of 10~ at 300
mm/s. These estimations are based on the relation Re
= vs/mg, where v, s, and m are the flow velocity, the
height of the disk mold, and the kinematic viscosity of
the flow at temperature T, respectively. (Strictly, the
flow velocity is smaller than the injection velocity.
However, the nature of the flow can be inferred by
applying the latter velocity to the former one.) The
calculated values indicate that the present flow can be
approximated as Stokes flow. Because the critical Re
needed to form the radial pattern is about 10™*, the
estimations reveal the occurrence of a pattern change
even in Stokes flow. In general, the Stokes approxima-
tion can only be applied to flows by treating the vis-
cous term and ignoring the contribution of the inertia
term. Thus, the pattern in Stokes flow should be basi-
cally independent of the change in Re. However, the
present estimations suggest a possibility of pattern
bifurcation in the low Re region. This can therefore
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Figure 5 (a) Schematic diagram of the PC molecule struc-
ture. The symmetry elements of the phenylene group are E,
C,, 03, and o, and its point group is determined to be
Cofinfily- (b) Schematic diagram of the energy level and the
representation of the w state of the phenylene group that
emits the present fluorescence.

pose an interesting issue for pattern formation in a
macromolecule flow from the viewpoint of fluid dy-
namics. However, we will not delve so deeply into this
issue in this article. A detailed analysis based on a
simulation of the PC-flow dynamics in the disk mold
will be reported elsewhere.!”

Electron transition causing the fluorescence

In general, fluorescence is produced by an electron
transition. In the case of aromatic compounds, the 7=
7 electron transition in a benzene ring plays a crucial
role in the emission of fluorescence.'®'® In line with
this viewpoint, we will note the 7 state of a phenylene
group present in the PC monomer based on a 7 elec-
tron approximation. Figure 5(a) shows the structural
diagram of PC, together with the symmetry elements,
the axes of the coordinates, and the index n (1-6) for
carbons of a phenylene group. As is evident from the
diagram, the point group of the phenylene group is
C,,. When we give six p, atomic orbits of six carbons
as a set of the basis, the irreducible representations of
the basis are found to be 2a, + 4b,. It should be noted
that all of the electron states belong to either the A, or
the B, representations. Thus, an electron transition
between two states may be any one of A; & A, A} &
B, or B; & By, all of which are the allowed transitions
in terms of the selection rule. We can now obtain the

TANIMURA, TACHIBANA, AND KOJIMA

representation and the energy level of each molecular
orbit of a phenylene group as follows: {s,(b,, a + 2f),
ll’z(bzr a+ B)/ ¢’3(‘12r a+ B)/ lb4(ﬂ2, a = B)/ l/jS(bZ/ a = B)/
and s,(b,, @ — 2B). For simplicity, only the effect of the
neighboring carbons is taken into account in the cal-
culation, and the overlap integral is ignored for the
estimation of the energy levels [i.e., H; = a (i = j), B (i
= j = 1), and 0 (others), while §;; = 1 (i = j) and 0 (i
# j), where H;; and S;; are the Coulomb integral and
the overlap integral, respectively. It should be noted
that both the ¢, — )5 and the ), — )5 molecular orbits
seem to be degenerate. This degeneration, however, is
removed when the electron correlation is taken into
account more strictly and it is assumed that the energy
levels of the molecular orbits have shifted.

We will qualitatively assign the electron transition that
produces fluorescence. Because the fluorescence of stan-
dard PC, having a wavelength of about 320 nm, is
caused by the transition between the ground state and
the lowest excited state,*™ [e.g., () (un)*(ds) ()" =
(¥1)*()*(1)°], the energy gap between these two states,
—2p, is about 3.88 eV. Thus, the wavelength of fluores-
cence originating from electron transitions having an
energy gap of —f (1.94 eV) should be about 640 nm.
Actually, the observed wavelengths are 597 nm (2.08
eV), 617 nm (2.01 eV), 628 nm (1.97 eV), and 709 nm (1.75
eV). From the good correspondence of these energy val-
ues with —fB, we can identify the sources of the four
observed fluorescence peaks as being the transitions,
including ¥, = U, I3 = ¢, Py = Yy, and Y = Y.
Because the intensities due to the {is = ¢, and g = )5
transitions within the antibonding orbital must be very
weak, the minor fluorescence spectra located at 597 and
617 nm originate from these transitions, whereas the
major peaks at 628 and 709 nm are due to the i, = s
and 3 = ¢ transitions within the bonding orbital. On
the basis of this assignment, a schematic diagram of the
electronic structure of the 7 state causing the present
fluorescence is shown in Figure 5(b).

Relation between fluorescence emission and radial-
pattern formation

Finally, we will discuss the relation between the forma-
tion of the radial pattern and the appearance of the
fluorescence property in the PC disks. Our experimental
results reveal that the radial pattern forms when the
injection velocity increases; in other words, the contribu-
tion of the viscous term becomes small in the laminar
flow. This indicates that the boundaries with low mole-
cule density are produced by the separation of the lam-
inar flow due to the small viscous term contribution,
followed by rapid cooling to room temperature. Because
the boundaries can be regarded as a metastable state
formed by rapid cooling, their electronic structure can
have a larger number of states of a high-energy electron
configuration [e.g., (1)*(Y)* ()" (1,)'] in the 7 state of
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the phenylene group than that of the matrix. On the
other hand, the above-mentioned analysis indicates that
four electron transitions between the excited electron
states in the phenylene group play a crucial role in the
emission of fluorescence. In order for these transitions to
occutr, the i, and/or {3 molecular orbit must not be fully
occupied, while one electron at least must exist in the s,
and/or {5 molecular orbits in the initial state [see Fig.
5(b)]. These conditions imply that the boundaries are in
a state conducive to the occurrence of these four electron
transitions under laser irradiation and can play a role in
forming the color center of the emission. Ultimately, the
radial pattern formed in the PC disks changes its fluo-
rescence property by controlling the electronic structure
of the 7 state of the phenylene group in PC molecules.

CONCLUSION

In this study, the relation between pattern formation
and property changes in PC was experimentally in-
vestigated. It was found that the flow pattern of mol-
ten PC in the disk mold changed even in the low Re
region and that a radial pattern having a periodic
array of needlelike regions and the matrix formed
when the flow velocity was increased above 100
mm/s. In connection with the formation of this radial
pattern, weak fluorescence was emitted in the wave-
length range of 600-700 nm from the boundaries be-
tween the needlelike regions and the matrix under
YAG (532 nm) and He-Cd (442 nm) laser irradiation.
An analysis indicated that transitions between excited
7 electron states in the phenylene groups were the
sources of this fluorescence, which originated from the
high-energy electron configuration of boundaries hav-
ing a low molecule density. In conclusion, the forma-
tion of this radial pattern in PC disks contributes to the
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appearance of a new property related to the density
distribution of PC molecules, a manifestation of which
is fluorescence emitted from the boundaries between
the needlelike regions and the matrix.

One of the authors (M.T.) acknowledges the technical sup-
port of I. Ishikawa and T. Okamura (NISSAN ARC, Ltd.).
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